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1.  INTRODUCTION 


The  purpose  of  this  study  is  to  definitively  identify  the  organizational 
design  philosophies  most  suitable  to  a reasonably  priced,  ruggedized,  ran- 
dom access,  10*^  bit  mass  memory  which  is  directly  compatible  with  the 
speed/bandwidth  capabilities  of  an  associative  type  computer  processor. 

Data  acquired  through  this  effort  is  based  on  the  use  of  nonvolatile  MNOS 
technology  devices  to  provide  the  storage  of  large  quantities  of  rapidly 
accessible  data  and  instructions  necessary  to  the  high  operations  speeds  of 
an  associative  array  processor  (AAP),  The  study  reports  on  the  general 
characteristics  of  different  approaches  to  memory  implementation.  Alterna- 
tives are  compared  in  the  context  principally  of  proven  AAP  designs 
(e.  g.  , STARAN)  but  also  are  evaluated  in  light  of  their  expansion  capa- 
bilities. Information  assimilated  from  the  study  is  used  to  establish  a 
prototype  mass  memory  storage  device  design  having  optimum  data  rates 
and  minimal  costs  for  future  associative  processor  applications. 

The  purpose  of  this  section  is  to  provide  a degree  of  familiarity  with 
the  background  and  orientation  of  the  respective  investigations  and  to  briefly 
summarize  the  study  findings.  The  items  covered  include  an  overview  of 
the  study  procedures  followed,  a review  of  the  application  considerations  for 
an  AAP  mass  memory,  and  a general  description  of  the  fundamental  concepts 
relevant  to  large  data  base,  high-speed  storage  devices.  Although  the 
directives  of  the  effort  have  been  guided  by  the  near-term  memory  needs  of 
STARAN  based  AAP  computers,  the  results  obtained  appear  to  be  directly 
extrapolatable  to  numerous  other  parallel  and  multiprocessor  systems  which 
are  being  actively  pursued. 


1.1  STUDY  FORMAT 

The  organizational  sequence  of  investigations  undertaken  during 
the  mass  memory  study  is  based  on  the  directives  set  forth  in  RADC's  orig- 
inal statement  of  work  (SOW,  see  Appendix  A).  The  main  thrust  of  this  effort 
consists  of  an  evolutionary  development  of  the  unique  organizational  princi- 
ples which  are  applicable  to  production  of  very  high  capacity  MNOS  memories 
optimally  configured  to  dynamically  interact  on  a 1 to  1 speed  basis  with  asso- 
ciative or  other  types  of  multiprocessors.  Presently,  the  performance  and 
throughput  capabilities  of  these  high-speed  computer  facilities  are  not  being 
realized  because  of  the  lO  bottleneck  which  exists  at  the  interface  to  cur- 
rently available  mass  storage  devices  (e.g.,  drum,  disk,  and  tape  units). 
Although  generalized  tradeoffs  are  made,  detailed  design  treatments  are 
directed  solely  to  satisfying  the  operational  requirements  of  STARAN* 

S-1000  type  AAP  computer  facilities  (see  Appendix  B).  The  reason  for 
this  is  simply  that  STARAN  has  an  established  performance  record,  it  per- 
mits definition  of  a working  set  of  interface  conditions  by  which  alternatives 
can  be  evaluated,  and  it  is  for  facilities  at  RADC  incorporating  such  equip- 
ment that  the  first  mass  memory  will  most  likely  be  procured. 

Technology  and  system  alternatives  are  judged  primarily  from  their 
impact  in  six  broad  memory  criteria  categories.  In  order  of  assessment 
priority,  these  are: 

• Performance 

• Reliability 

• Cost 

• Power 

• Physical  (size/weight) 

• Environment. 


♦TM  of  Goodyear  Aerospace,  Akron,  Ohio. 


Included  under  the  performance  category  are  all  factors  affecting  capacity, 
access  time,  data  rate,  read/write  capability,  and  storage  integrity.  Relia- 
bility evaluations  are  based  on  the  established  practices  of  MIL-HDBK-2 1 7B. 

; 

Factors  considered  affecting  reliability  include:  interdevice  data  transmis- 
sion error  rates,  memory  and  logic  component  failure  rates,  total  component 
counts,  power  down  dormancy  provisions,  exercisable  system  redundancies, 
and  physical  operating  environment.  In  the  technology  area,  cost  considera- 
tions encompass  relative  maturity,  device  availability,  and  application 
grooming.  These  influence  the  initial  mass  memory  development  invest- 
ment needed.  From  an  aggregate  system  perspective,  costs  have  been  re- 
viewed from  the  standpoint  of  both  purchase  price  and  cost  of  subsequent 
ownership  (as  reflected  by  reliability  and  maintainability).  Interest  in  the 
povver  drain,  physical  parameters,  and  environmental  constraints  of  a mass 
memory  centers  on  the  manner  in  which  they  influence  system  performance, 
reliability,  and  cost. 

Figure  1 denotes  the  principal  elements  of  the  approach  taken  to  the 
mass  memory  organizational  study.  Initial  phases  of  the  effort  consist  of  an 
investigation  of  the  unique  requirements  imposed  on  interface  between  an 
associative  or  multiple  parallel  processors  and  a high-capacity  backing  store 
(mass  memory),  and  the  manner  in  which  command  and  control  signals  are 
transferred  across  the  interface  to  affect  memory  accesses.  The  investiga- 
tion concludes  with  a definitive  set  of  interface  condition  specifications  based 
on  the  SI  ARAN  system  to  which  follow-on  developments  are  to  be  addressed. 
This  is  followed  by  a detailed  inquiry  into  a diverse  set  of  detailed  memory 
design  concepts.  Activities  during  this  period  include  attendence  at  the  1975 
Sagamore  "Computer  Conference  On  Parallel  Processing'^  to  ensure  con- 
siderations of  the  most  recent  developments  in  this  field, and  the  assimilation 
and  coordination  of  supplemental  information  supplied  by  RADC. 

Pursuant  to  this,  a series  of  interrelated  examinations  and  analyses 
is  conducted  to  establish  the  advantages  and  disadvantages  of  each  technology 
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and  system  option.  Care  is  exercised  throughout  this  phase  to  consider  the 
impact  of  technology  parameters  on  system  and  subsystem  design,  and  to 
ascertain  the  true  performance,  reliability,  and  cost  trades  of  those  designs. 
The  three  principal  areas  addressed  are  technology,  reliability,  and  explora- 
tory breadboarding.  Extended  coverage  is  given  in  the  appendices  of  this 
report  to  the  many  faceted  nature  of  memory  technology  selections.  Appendix 
D provides  a comprehensive  review  of  technology  alternatives.  An  in-depth 
description  of  the  prime  MNOS  technology  is  presented  in  Appendix  E. 

Finally,  a set  of  specification  charts  for  a representative  2 Kbit  MNOS  mem- 
ory chip  presently  being  manufactured  by  Westinghouse  is  given  in  Appendix  F. 

Successful  implementation  of  two  noteworthy  pieces  of  equipment  was 
realized  during  this  period:  a memory  chip  test  and  screening  unit  and  an 
experimental  memory  system  test  stand  which  is  interactively  exercisable 
via  a CRT  control  terminal  tie-in.  Work  on  the  reliability  aspects  of  pre- 
liminary system  configurations  led  to  major  refinements  by  identifying  the 
areas  of  weakness.  In  accomplishing  the  respective  analyses,  a useful  set  of 
device  failure  rate  tables,  reliability  analysis  equation  programs,  and  mis- 
cellaneous other  data  was  amassed.  For  reference,  these  items  are  in- 
cluded in  Appendix  C.  Results  from  each  area  of  investigation  are  brought 
together  to  arrive  at  a recommended  mass  memory  organization  based  on 
the  projected  availability  of  appropriately  organized  MNOS  technology 
memory  devices.  This  in  turn  is  used  to  generate  a follow-on  prospectus 
for  development  of  a prototype  memory. 

For  purposes  of  this  study,  RADC's  time  frame  of  interest  for  under- 
taking development  of  a mass  memory  is  mid-1976,  with  delivery  antici- 
pated approximately  3 years  thereafter.  Considering  the  extent  of  system 
design  work  involved,  there  will  be  approximately  1 to  1-1/2  years  lag 
before  the  memory  components  necessary  for  the  system  must  be  available 
in  quantity.  Accordingly,  the  recommended  memory  approach  provides  a 
prototype  conceptual  design  which  reflects  a 1978  production  state  of  the  art. 
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rathrr  than  present  day  data  storage  device  availabilities.  All  aspects  of  the 
suH^ested  design  are  derived  from  study  evaluations  made  in  the  context  of 
a STARAN  AAP  application.  Technical  interchanges  with  RADC  personnel  and 
Goodyear  consultants  provided  the  required  background  information  on  the 
deployment  parameters. 

1.2  PROGRAM  OVERVIEW 

Through  advanced  developments  of  multiprocessing  techniques  using 
various  forms  of  distributed  logic,  major  changes  have  been  introduced  into 
computer  organizations.  These  changes  result  in  significant  improvements 
in  both  computational  speed  and  efficiency  of  machine  programming.  Effi- 
ciency,  here,  is  considered  in  the  sense  of  the  user  program  and  its  per- 
formance, not  with  respect  to  how  busy  some  internal  subcomponent  of  the 
system  is.  This  enhanced  performance  is  secured  as  a direct  consequence 
of  the  parallel  or  concurrent  operations  inherent  in  a multiprocessor. 

Conventional  computers  accomplish  a degree  of  parallelism  that  is 
transparent  to  the  machine  language  program  through  the  use  of  Cache  type 
buffer  memories  and  wired-in  overlapping  concurrency  controls.  The  re- 
sulting machine  language  instruction  set  is  not  an  ideal  vehicle  to  control  the 
physical  resources  of  the  system,  since  the  concurrent  control  is  achieved 
a\itomatically , without  the  possibility  of  any  global  optimization. 

Control  of  the  system  rc.sources  is  made  visible  to  the  programmer  in 
a multiprocessor  type  computer  by  the  microprogramming  operations  it 
facilitates.  An  essential  feature  of  this  type  of  system  is  the  availability  of 
a fast  storage  merlium:  fast  in  this  sense  being  with  respect  to  ordinary  com- 
binatorial logic  operations.  Therefore,  the  access  time  of  the  storage  de- 
vices must  be  on  the  same  order  as  the  cycle  time  of  the  processor.  It  is 
also  essential  that  this  fast  storage  possess  the  ability  to  be  erased  and 
rewritten  with  no  loss  of  speed. 

Due  to  the  slow  access  time  of  current  bulk  storage  devices  (discs, 
drums,  etc.  ),  a major  bottleneck  exists  at  the  I/O  interface  of  the  generic 
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class  of  multiprocessors,  of  which  STARAN  is  a member.  Consider  the  timing 
ing  chart  of  figure  2 (a)  for  a conventional  machine  instruction.  Due  to  slow 
and  independent  access  of  the  instruction  and  data  blocks,  a major  portion 
of  the  instruction  execution  time  is  spent  in  overhead  accessing  operations. 
Contrast  this  with  the  situation  shown  in  figure  2(b),  which  illustrates  a multi- 
protessor  type  of  microprogrammed  instruction  execution  sequence.  An 
implicit  assumption  is  made  here  of  homogeneity  of  memory;  that  is,  that 
data  and  operands  are  all  located  in  the  same  fast  storage  as  the  instructions. 
This  assumption  is  valid  when  the  storage  is  interactively  rewritable. 

Dominant  among  the  multiprocessor  design  philosophies  that  have  been 
explored,  and  the  one  on  which  STARAN  is  based,  is  the  single-instruction 
stream/multiple  data  stream  (SIMD)  organization.  The  reason  for  this  is 
simply  that  it  is  more  readily  optimized  for  specialized  applications  than  is 
the  more  generalized  multiple -instruction  stream/multiple  data  stream 
(MIMD)  organization.  There  are  three  basic  kinds  of  SIMD  machine  organi- 
zations currently  under  development:  (1)  the  array  processor,  (2)  the  pipe- 
line processor,  and  (3)  the  associative  processor.  Block  diagrams  of  each 
organization  arc  illustrated  in  figure  3. 

An  example  of  a system  employing  an  array  type  processor  is  the  ILIJAC 
IV.  A pipelined  form  of  processor  is  employed  in  CDC  STAR-100  computers. 
Finally,  of  primary  interest  to  the  present  study,  an  associative  type  of 
processor  is  incorporated  in  STARAN  based  computing  systems.  Although 
these  systems  differ  basically  in  their  organization  of  resources  and  their 
communication  structures,  their  gross  characterizations  are  quite  similar. 
Since  distinct  parcels  of  storage  are  effectively  assigned  to  individual  process- 
ing elements  in  each,  a mass  memory  that  has  been  configured  expressly  for 
interfacing  properly  with  a STARAN  associative  array  processor  could  probably 
be  adapted  for  use  with  either  of  the  other  types  with  only  interface  unit 
modifications. 
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Figure  2.  Computer  Function  Timing  Charts 


Figure  3.  Idealized  SIMD  Multiprocessors 
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In  the  array  processor,  the  execution  resources  are  replicated  tinnes, 
an<l  operations  within  successive  elements  are  performed  in  a parallel  fashion. 
The  pipelined  processor  is  similar  to  the  array  processor,  except  that  opera- 
tions within  individual  elements  are  serially  pipelined.  Both  array  and  pipe- 
lined processors  work  with  directly  addressed  data  block  pairs.  Thus,  the 
location  of  each  pair  of  operands  must  be  known  in  advanced. 

The  STARAN  type  of  associative  processor  is  also  similar  in  many 
ways  to  the  array  processor;  but,  with  it,  the  execution  of  a control  unit 
instruction  is  conditional  upon  a match  existing  to  an  inquiry  pattern  pre- 
sented to  all  units.  Having  been  developed  for  and  therefore  being  immedi- 
ately available  to  RADC,  the  STARAN  computer  has  been  used  in  setting  up 
the  ;;uideline  requirements  desired  from  a fast  mass  storage  device.  Based 
on  these  requirements,  the  design  concepts  are  evolved  for  a 1 Gbit  (10^ 
bit)  mass  memory  (MM)  having  speed /bandwidth  capabilities  matching  those 
of  the  STARAN  computer.  Configuration  of  the  recommended  memory 
system  is  based  on  the  use  of  nonvolatile  MNOS  memories  developed  by 
Westinghouse  to  provide  the  storage  of  large  quantities  of  rapidly  accessible 
data  and  instructions  necessary  to  the  high  operating  speed  of  STARAN. 

Figure  4 presents  a global  description  of  the  central  organization  of 
this  machine  and  the  closely  mirrored  architecture  that  has  been  evolved  for 
the  mass  memory.  The  STARAN  associative  array  processor  (AAP)  contains 
four  distinct  processing  elements  (APA's),  with  each  arranged  in  a square 
content  afldrcssable  array  pattern  of  256  words  x 256  bits.  Data  transfers 
between  the  collective  APA's  of  STARAN  and  the  MM  will  occur  in  block 
form,  with  each  block  consisting  of  up  to  256  serial  bit  "lines"  flowing  along 
each  of  1,024  parallel  bit  channels.  The  machine  cycle  time  between  each  of 
the  256  successive  lines  of  4 parallel  data  words  (i.  e.,  1,024  data  bits)  will 
typically  be  on  the  order  of  300  to  450  nsec.  This  means  that  the  minimum 
interface  bit  rate  bandwidth  requirement  for  data  transfers  between  the 
memory  and  processor  is  greater  than  2.  3 GHz  (i.e.,  1024-t450x  10^  = 

2.28  X 109),  The  entire  capacity  of  the  four  processor  arrays,  consisting 
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Figure  4.  STARAN  Computer  Interfaced  to  Recommended  MNOS  Mass  Memory 


of  .i  total  of  Z56  Kbits,  can  thus  be  transferred  between  the  AAP  and  the  MM 
in  less  than  115  nsec. 

The  degree  to  which  the  I/O  bottleneck  that  constricts  performance  of 
SI  ARAN  is  alleviated  by  the  mass  memory  system  depends  heavily  on  the 
configuration  conformity  existing  between  the  AAP  and  the  MM.  As  can  be 
seen,  the  macroscopic  organizational  structure  of  the  recommended  MM 
closely  reflects  that  of  the  AAP,  Structuring  the  MM  in  this  manner  was 
found  to  provide  optimum  compatibility,  performance,  and  expansion  flexi- 
bility. 

Storage  within  the  mass  memory  is  organized  into  word  channel  modules 
in  a manner  compatible  with  the  block  transfers  taking  place  with  processor 
arrays  across  the  I/O  interface.  Storage  in  each  of  the  word  channels  is 
grouped  for  access  as  4096  randomly  selectable  blocks  of  256  x 256  = 64  Kbits, 
with  the  combined  MM  capacity  provided  by  the  4 channels  together  being 
4 X 256M  = 1 Gbit.  Allowance  is  made  for  transfers  of  fewer  than  4 parallel 
APA  words— in  either  direction  and  between  any  ordered  set  of  MM  word 
modules  and  AAP  arrays— by  virtue  of  the  port  flip  network  in  STARAN  euid 
the  channel  translator  in  the  mass  memory.  Presentation  of  the  myriad 
aspects  of  the  design  philosophy  that  this  memory  structure  entails  and 
the  tradeoff  considerations  in  adopting  this  approach  are  discussed  in 
Sections  2 and  3 of  this  report. 

At  the  outset  of  this  study  it  was  understood  that  flexibility  would  have 
to  be  maintained  as  to  the  parameters  of  the  desired  memory  system.  The 
reason  for  this  is  simply  that  the  memory  design  objectives  available  at  that 
time  were  generated  solely  from  preliminary  global  considerations  of  the 
backing  store  needs  of  associative  array  processor  systems.  They  necessarily 
had  to  be  made  somewhat  abbreviated  and  imprecise  to  avoid  arbitrarily  ex- 
cluding potentially  viable  device  or  design  alternatives.  These  objectives, 
listed  in  table  1,  are  therefore  limited  in  utility  to  first-order  evaluation 
guidelines . 

1 1 


TABLE  1 


AP  MASS  MEMORY  ORGANIZATION  STUDY  GUIDELINES 


Memory  Capacity 

>10*^  Bits 

Type  of  Data  Access 

Random  65,  536  Bit  Data  Blocks 

Form  of  Data  Access 

1-64  Slices  of  1,024  Bits 

Data  I/O  Format 

1,024  Parallel  Bit-Serial  Data  Slice 
Channels 

Data  Access  Time 

<150  Nanoseconds  Between  Successive 
Data  Slices  (The  use  of  precueing  and 
buffer  stores  is  permitted  to  eliminate 
latency  effects  in  getting  first  data 
slice  of  block  to  I/O  port) 

Data  Processing  Rate 

>6  X 10^  Bits /Second 
(This  is  the  approximate  rate  equiva- 
lency resulting  from  the  processing 
of  1,024-bit  data  slices  at  6 x 10^ 
slices  /second) 

Operational  Modes 

Read  and  Write  - Selectable 
(No  stipulation  made  regarding  fast 
data  exchanges  requiring  concurrent 
read-write  sequences  over  I/O  lines) 

Nonvolatile  Storage 

"Days"  of  Powerless  Data  Retention 

Reliability 

High  - (exact  target  not  given)  - 
(Mil  qualification  is  cuiticipated  for 
follow-on  prototype) 

Unit  Cost 

Low 

Development  Funding 

Minimum 

("Grooming"  only  of  mature  technology 
is  permitted  to  optimize  it  to  applica- 
tion) 

Procurement  Timeframe 

~1978  - (within  3 years  of  study) 
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L.  DEPLOYMENT  DIRECTIVES 


For  purposes  of  this  study,  all  detailed  design  tradeoffs  related  to  the 
organization  of  high-speed/high-capacity  mass  memories  have  been  made  in 
the  context  of  supplying  a 1 Gbit  backing  store,  through  the  use  of  MNCS 
technology  devices,  which  will  match  the  speed-bandwidth  requirements  of 
STARAN  associative  array  processor  digital  computer  systems  developed  by 
Goodyear  under  USAF  auspices.  This  section  sets  forth  the  functional, 
operational,  and  interface  requirements  toward  which  design  considerations 
have  been  directed. 

I’he  detailed  information  on  the  manner  in  which  specific  control  sig- 
nals are  or  might  be  interfaced  to  the  STARAN  system  was  assimilated 
through  a series  of  interactive  meetings  among  Goodyear,  RADC,  and  West- 
inghouse,  and  the  use  of  RADC  supplied  documentation  on  the  STARAN  CIOU. 
Selected  reprint  sections  of  this  documentation  are  included  for  reference 
in  Appendix  B.  Specifications  derived  from  memory  based  characteristics 
are  based  on  operating  parameters  of  MNOS  devices  which  were  made  avail- 
able to  the  study  through  the  BORAM  program  at  Westinghouse. 

2.  1 STARAN  OVERVIEW 

The  Goodyear  developed  STARAN  associative  array  processor  forms 
the  basis  for  all  design  reciuireme nts  employed  in  the  study  of  mass  memory 
organizations.  A simplified  bUn  k diagram  of  the  internal  organization  of  this 
machine  is  shown  in  Figure  5.  As  seen  here,  it  consists  of  six  basic 
elements : 

• Sequential  control 

• External  function  logic 

• Program  pager 

• AP  control  memory 
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Figure  5.  STARAN  Associative  Array  Processor  Block  Diagram 
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• Associative  processor  control 

• Associative  arrays. 

The  elements  of  general  interest  to  the  design  and  development  of  an 
interactive  mass  memory  are  the  associative  arrays,  the  AP  controller,  and 
the  sequential  controller — particularly  as  to  the  manner  in  which  they  each 
interface  to  and  interact  with  the  custom  I/O  unit. 

The  sequential  control  unit  in  STARAN  consists  of  a PDPl  1 type 
minicomputer.  Its  provisions  include  an  associated  memory,  interface  logic 
to  connect  it  to  other  elements,  and  peripheral  unit  tie-in  capabilities  facili- 
tated by  way  of  interfaces  to  its  bidirectional  UNIBUS.  Communication  be- 
tween the  sequential  controller  and  the  associative  processor  takes  place 

over  various  busses  in  the  AP  controller  as  well  as  the  16  parallel  bit  mini- 
computer. 

The  form  of  communication  between  sequential  control  and  the  asso- 
ciative processor  which  has  direct  bearing  on  mass  memory  operations  is 
direct  access  to  AP  control  memory.  By  way  of  this  link,  words  in  the  AP 
control  memory  are  given  sequential  processor  addresses  to  facilitate  trans- 
fer of  data  and  instructions  between  AP  control  and  sequential  control. 

Another  capability  which  may  prove  to  be  of  importance  is  the  sequential 
controller's  central  position  in  the  handling  of  interrupts. 

The  major  function  of  AP  control  is  to  control  operation  of  the  associa- 
tive arrays  in  STARAN.  AP  control  fetches  successive  instructions  from  the 
AP  control  memory.  It  uses  a 16  bit  program  counter  to  keep  track  of  the 
instruction  address  while  a 32  bit  register  contains  the  instruction  itself. 

Some  instructions  perform  array  operations.  Others  perform  AP  control 
functions.  Internal  control  registers  affect  array  operations  as  well  as  other 
elements  in  the  system. 

The  single  most  important  element  in  the  system  is  the  associative 
array.  It  is  largely  the  characteristics  of  these  arrays  which  provide  STARAN 
with  the  four  major  features  that  distinguish  it  from  a conventional  computer: 
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• Multidimensional  access  to  array  memory 

• Content  addressable  (associative)  memory 

• Simple  processing  unit  at  each  word  o£  memory 

• Unique  data  permutation  network  within  memory 

Each  array  contains  65.536  bits  of  temporary  solid-state  storage  organized 
in  a matrix  of  256  words  by  256  bits.  Parallel  access  to  the  array  can  be 
made  in  either  the  bit  or  word  directions.  An  entire  word  of  256  bits  or  a 
bit  "slice  " taken  from  bit  position  " t,  "of  all  256  words  can  be  accessed  in 
parallel  over  the  Pl/O  interface  lines.  A basic  configuration  of  the  system 
will  contain  only  one  associative  array,  but  up  to  32  can  be  included.  The 
configuration  that  is  addressed  by  the  present  study  is  with  four  arrays 
present. 

Four  interface  options  are  available  for  custom  *.\iloring  of  the  proces- 
sor facilities  to  specific  applications; 

• Buffered  input/output  (BI/O) 

• Direct  memory  access  (DMA) 

• External  function  logic  (EXF) 

• Parallel  input/output  (PI/O). 

The  buffered  I/O  is  used  principal?)  for  tieing  different  types  of  peripherals 
into  the  processor  control  memory  and  interacting  with  user  control  programs. 
Direct  memory  access  allows  host  computer  storage  to  act  as  part  of  the 
control  memory.  The  external  function  logic  channel  facilitates  coordination 
of  interface  operations  between  different  elements  of  the  processor  and  ex- 
ternal devices.  Each  associative  array  has  256  inputs  and  256  outputs.  These 
are  used  for  interarray  communication  and  to  allow  efficient  communication 
with  a high-bandwidth  external  mass  memory  unit  via  the  parallel  I/O  channels. 
The  two  interface  channels  that  will  be  involved  in  communications  with  and 
control  over  a mass  memory  are  DMA  and  PIO. 

In  addition  to  these  high-speed  custom  lO  interface  channels,  the  low- 
speed  UNIBUS  interface  can  be  used  to  provide  the  associative  processor 
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with  access  to  not  only  the  sequential  processor  but  also  to  any  peripherals 
that  are  tied  in  to  the  UNIBUS.  Various  peripherals  including  a DECwriter, 
paper  tape  reader  / puncli , and  reader,  line  printer,  alphanumeric  CRT  dis- 
play, Disk  Opt-rating  System  (DOS),  and  magnetic  tape  unit  can  be  integrated 
into  the  STARAN  system  via  the  UNIBUS.  Thus  two  communication  channels 
exist  in  a STARAN  computer  system:  a high-speed  parallel  processor  chan- 
nel (tied  to  multiple  associative  arrays)  and  a low-speed  sequential  processor 
channel.  The  general  configuration  of  the  system  is  as  indicated  in  figure  6. 

At  present,  instructions  as  well  as  original  entry  of  data  blocks  into 
the  computer  (such  as  from  the  DOS)  are  instituted  via  the  low-speed  channel. 
Indicated  in  this  diagram  is  one  possible  way  in  which  the  mass  memory  may 
ultimately  be  deployed  in  a STARAN  complex:  specifically,  with  separate, 
concurrently  operable  access  ports  to  each  of  the  system  communication 
channels.  Based  on  this  possibility,  the  firm  requirement  that  all  organiza- 
tional developments,  addressed  toward  providing  anassociative  array  processor 
compatible  mass  memory,  include  provisions  for  two  noninteractive  lO  ports. 
Justifii  ation  for  this  treatment  is  found  not  only  from  consideration  of 
STARAN  but  also  from  review  of  general  development  trends  in  multiprocessor 
facilities,  nearly  all  of  which  call  for  the  presence  of  a multiported  mass 
memory. 

Due  to  plans  for  a configurable  processor  facility  still  being  in  a state 
of  flux,  no  final  decision  was  made  by  RADC  regarding  disposition  of  the 
second  mass  memory  access  port.  All  interface  considerations  that  have 
been  made  accordingly  apply  unequivocably  only  to  one  of  the  MM  lO  ports. 

The  s«*cond  port  may  have  a totally  different  set  of  interaction  capability 
requi renu'nts . Consequently,  to  prevent  application  oriented  restrictions 
which  arc  imposed  individually  on  the  separate  I/O  ports  from  necessitating 
possibly  drastic  future  redesign  to  adapt  the  MM  to  a different  environment, 
specification  was  made  that  a custom  tailorable  interface  (i.  e.  , a CIO  unit) 
be  interposed  at  each  MM  port  to  adapt  its  operations  uniquely  to  the 
application. 
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Z.l  INTERFACE  CONFIGURATION 

In  a STARAN  based  associative  processing  computer  system,  all  sub- 
systems (like  the  mass  memory)  are  totally  subordinate  to  STARAN.  To 
allow  for  unrestricted  expansion  in  the  number  and  type  of  specialized, 
functionally  subordinate  systems  or  peripherals  that  can  be  tied  into  STARAN 
to  enhance  the  aggregate  capabilities  of  the  computer  system,  special  restric- 
tions are  imposed  on  the  manner  in  which  devices  connect  into  the  CIOU 
bussing  structure.  In  particular,  to  prevent  undue  noise  and  loading  problems 
from  arising  as  more  and  more  support  facilities  are  added,  it  is  required 
that  each  new  facility  provide  for  line-receiver  termination  of  all  lines  af- 
fected, and  the  rebroadcast  line-driver  transmission  of  these  signals  over 
lines  having  characteristics  identical  to  those  of  the  original  CIOU  (specifically, 
differential  twisted-pair  ECL  levels).  Through  this  "highway"  mechanization 
philosophy,  the  limitation  on  the  number  of  peripherals  is  strictly  dependent 
on  the  total  propagation  delay  that  can  be  tolerated.  A centralized  "radial" 
distribution  approach,  in  contrast,  would  become  limited  by  the  concentration 
of  cabling.  A block  description  of  the  AAP  computer  bussing  structure  that 
results  with  chained  repeaters  is  shown  in  figure  7. 

Since  active,  differential  driver  devices  are  involved,  the  lines  inter- 
faced from/to  STARAN's  CIOU  are  undirectional  in  nature.  Interconnect 
cable  bundles  between  STARAN  and  the  mass  memory,  as  well  as  those  be- 
tween each  of  the  other  downstream  subordinate  systems,  are  thus  composed 
of  two  distinctly  identifiable  line  groupings  or  bus  rails.  One  carries  "broad- 
casts" of  commands,  controls,  and  data  from  STARAN.  The  other  carries 
"responses"  from  the  designated  support  mechanism.  The  bus  structure  is 
therefore  based  on  a "dual-rail"  organizational  principle.  Concurrent,  non- 
interfering (at  the  bus  level)  operations  can  thus  be  instituted,  with  signals 
flowing  simultaneously  in  opposite  directions  over  the  two  rails.  Goodyear 
is  understood  to  be  considering  possible  future  use  of  a bidirectional  I/O 
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line  conXi^uration  for  STARAN  interfaces,  but  for  the  present,  all  develop- 
ments will  be  based  on  separate  unilateral  input  and  output  twisted  line  pair 
cabling . 

The  repeater  interface  units  in  the  STARAN  based  AAP  computer  sys- 
tem will  have  two  distinct  repeater  modules  or  sections,  as  indicated  in 
figure  H for  the  MM:  one  for  the  broadcast  rail  and  one  for  the  response 
rail.  Tlie  manner  in  which  these  repeaters  are  mechanized  is  markedly 
different.  To  facilitate  the  concurrency  of  control  options  over  two  peripherals 
that  are  made  possible  by  the  independent  sequences  that  occur  over  the  DMA 
and  PIO  channels,  the  broadcast  rail  must  not  be  interrupted  in  any  fashion. 
Signals  derived  from  the  broadcast  rail  repeater  are  merely  sensed  and 
tapped  off  in  a "T"  fashion  between  input  and  output,  with  the  respective 
signals  passing  on  through.  On  the  other  hand,  response  rail  signal  lines 
must  be  gated  or  switched  in  such  a manner  that  no  device  further  downstream 
along  the  communications  network  can  interfere  with  operations  taking  place 
with  the  mass  memory  (or  other  subsystem)  when  it  is  selected.  Although  this 
does  not  eliminate  all  possibility  of  interference  in  the  communications  net- 
work (e.  g.  , devices  further  upstream  than  the  one  selected  can  cause  inter- 
ference), it  does  significantly  reduce  it. 

Figure  9 depicts  the  functional  equivalent  circuits  of  (a)  the  tapped 
throughput  broadcast  repeater  and  (b)  the  gated  return  response  repeater. 

It  is  anticipated  that  hardware  mechanization  of  the  repeater  interfaces  in  the 
manner  indicated  during  an  initial  mass  memory  development  program  will 
lead  to  a standardizable  repeater  module  that  can  be  second-source  procured 
in  duplicate  form  as  needed  for  future  expansions  involving  the  introduction 
of  additional  support  devices  into  the  STARAN  system. 

A final  point  of  note  regarding  the  subordinate  system  repeater  inter- 
face modules  is  that  each  must  obtain  its  power  from  supplies  which  are 
separate  from  the  main  supplies  of  the  given  subsystem.  This  facilitates 
taking  that  unit  off-line  without  causing  the  entire  communication  channel  to 
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TABLE  2 

STARAN  CIOU  TO  MM  INTERFACE  LINE  LISTING 


DMA  CHANNEL 


Outputs  (Inputs  to  MM) 

Inputs  (Outputs  from  MM) 

■UBBI 

No.  Timstad 

Line  Group  Name 

Pair  Linos 

Line  Group  Name 

Address  Present 

) 

Access  Acknowledge 

) 

Write/Read  Select 

1 

Data  Acknowledge 

1 

Data  Present 

16 

Selection  Address 

32*  ) 

Access  Mode  Data  * Parity 

32  + 1 

Status  Monitor  Data  + Parity 

52 

Total 

35 

Total 

PtO  CHANNEL 


Outputs  (Inputs  to  MM) 

Inputs  (Outputs  from  MM) 

No 

Twrstad 

Pair 

Lints 

Lina  Group  Name 

No.  Tonttod 
Pair  Linaa 

Line  Group  Name 

256 

Port  </>  Array  Read  Octa 

256 

Port  Array  Write  Date 

256 

Port  1 Array  Read  Data 

256 

Port  1 Array  Write  Data 

256 

Port  2 Array  Read  Data 

256 

Port  2 Array  Write  Data 

256 

Port  3 Array  Read  Data 

256 

Port  3 Array  Write  Data 

1 

BCW  Sync  Bit 

1 

Reflected  Continue 

1 

Function  Continue 

1 

Date  Strobe 

1026 

Total 

1026 

Total 
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become  inoperative.  A daisy-chained  power  sense  signal  line  pair  (one  in 
and  one  out)  is  provided  in  the  STARAN  system  to  determine  whether  indeed 
the  communications  link  is  fully  active  at  all  points  along  its  length.  Each 
intermediate  subsystem  repeater  throughputs  this  signal  in  each  direction, 
while  the  most  distant  or  end  unit  is  strapped  to  reflect  it. 

Out  of  the  four  interface  channels  available  from  the  CIOU,  only  two 
are  projected  as  being  actively  tied  to  the  Mass  Memory:  namely,  DMA 
and  PIO.  The  DMA  channel  provides  STARAN  with  the  means  of  transferring 
commands  to  and  monitoring  the  status  of  the  Mass  Memory  access  control 
memory.  Originally,  the  EXF  channel  was  considered  by  RADC  to  be  the 
appropriate  medium  for  this  function,  but  it  was  found  through  consultations 
with  Goodyear  that  the  cycle  time  of  that  channel  was  too  slow  for  the  appli- 
cation, and  further,  that  there  were  too  few  control  lines  remaining  uncom- 
mitted. Data  transfers  between  each  of  the  256  bit  by  256  word  associative 
arrays  and  the  mass  memory  are  effected  via  the  PIO  channel.  Table  2 lists 
the  data  and  control  function  lines  that  comprise  each  of  these  channels. 

Interconnection  of  the  mass  memory  into  the  PIO  channel  is  accommo- 
dated via  a circuitry  block  known  as  the  "port  flip  network"  (PFN).  Function- 
ally this  "flip  ckt"  is  analogous  to  an  8-port  "cross-bar-switch"  network. 

Each  port  consists  of  512  parallel  lines  split  evenly  into  two  256  unidirec- 
tional input  and  output  line  groups.  In  the  RADC  installation,  four  of  these 
ports  are  presently  assigned  to  STARAN  associative  arrays.  The  remaining 
four  are  available  for  use  in  servicing  the  MM  storage  section.  Master 
authority  over  PFN  operating  sequences  resides  with  the  PIO  (parallel  input- 
output)  controller  which  issues  sequentially  executed  program  instructions. 

By  tieing  the  MM  into  the  AAP  system  in  this  manner,  it  can  (for  ease  of 
programming  and  control)  be  viewed  as  simply  an  additional  set  of  AP  memory 
arrays  which  can  be  manipulated  for  storage. 
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TABLE  2 

STARAN  CIOU  TO  MM  INTERFACE  LINE  LISTING 


DMA  CHANNEL 


Outpuii  (Inputi  to  MM) 

Inputs  (Outputs  from  MM| 

IHunfli 

Line  Group  Nemc 

No.  Twisted 
Pair  Linas 

Line  Group  Name 

Address  Present 
Write/Retd  Select 
Oeti  Acknovidedge 

1 

1 

Access  Acknowledge 
Data  Present 

16 

Selection  Address 

32*  1 

Access  Mode  Oata  > Parity 

32+1 

Status  Monitor  Oata  + Parity 

52 

Total 

35 

Total 

PtO  CHANNEL 


Outputs  (Inputs  to  MM) 

Inputs  (Outputs  from  MM) 

— 

Twisted 

Pair 

Linas 

Lina  Group  Name 

No.  Twisted 
Pair  Lines 

Line  Group  Name 

256 

Port  Array  Read  Oata 

256 

Port  <t>  Array  Write  Oata 

256 

Port  1 Array  Read  Data 

256 

Port  1 Array  Write  Oata 

256 

Port  2 Array  Read  Oata 

256 

Port  2 Array  Write  Oata 

256 

Port  3 Array  Read  Oata 

256 

Port  3 Array  Write  Oata 

1 

BCWSync  Bit 

1 

Reflected  Continue 

Function  Continue 

1 

Oata  Strobe 

1026 

Total 

1026 

Total 
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l.i  CONTROL  PROVISIONS 


Collectively,  the  32  bit  (plus  parity)  data  input  and  output  buses  and 
the  16  bit  device  selection  address  output  bus  of  the  DMA  channel  will  serve  to 
convey  all  access  request  information  to  the  Mass  Memory.  All  transfers 
will  be  initiated  and  carried  out  under  AP  control.  For  purposes  of  address- 
ing, the  MM  access  control  memory  is  considered  an  extension  of  AP  control 
memory  and  is  assigned  a specified  block  of  addresses.  Table  3 itemizes 
the  complete  list  of  address  assignments  that  have  been  projected.  Hexa- 
decimal addresses  8000  through  FFFF  are  reserved  for  bulk  core,  0800 
through  7FFF  are  set  aside  for  extended  AP  control,  and  the  lowest  ordered 
hexadecimal  address  (0000  through  OOOF)  is  allocated  to  MM  control. 
Addresses  0010  through  07FF  remain  as  yet  unassigned.  All  elements  of  the 
STARAN  system  that  can  access  the  AP  control  memory  can  also  access  the 
MM  control  memory  via  the  DMA  interface  channel. 

Based  on  the  interface  line  listing  of  table  2 for  the  DMA  and  PIO  chan- 
nels, a "black  box"  representation  of  the  interconnections  from  STARAN  to 
the  MM  appears  as  shown  in  figure  10.  All  accesses  to  information  contained 
within  the  mass  memory  begin  with  a DMA  read  or  write  operation.  The 
"address  present"  signal,  originating  in  AP  control,  initiates  all  data  trans- 
fers over  the  DMA  channel.  The  "access  acknowledge"  signal,  originating 
in  the  MM  control  unit,  terminates  all  DMA  data  transfers. 

The  DMA  "write"  operation  refers  to  the  transfer  of  data  from  STARAN 
to  the  MM  control  memory  which  signifies  the  op  code  and  "memory  refer- 
ence" instruction  for  an  access  to  the  main  storage  section  of  the  mass 
memory.  The  DMA  "read"  operation  refers  to  the  transfer  of  data  from  the 
MM  control  memory  to  STARAN.  This  data  constitutes  readouts  from  status 
registers,  ledgers,  and  other  control  functions  associated  with  the  monitoring 
of  activities  and  conditions  within  the  mass  memory. 
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TABLE  3 


PROJECTED  16  BIT  DMA  DEVICE  SELECTION 
ADDRESS  ASSIGNMENTS 


H 0 0 0 to  F I'  F F 


OHOO  toVFFF 


Memory 

Extended 
AP  Control 
Memory 


(I’nassigneci)  0 0 10  to  0 7 I'  F 


\t  M Access 
Cont  rol 
Memory 


0000  to  OOOF 


1 I I 1 1 1 I 1 1 1 1 I II  1 1 
to 

1 000000000000000 

0 111111111111111 

to 

00001  00000000000 

0000011111111111 

to 

OOOOOOOOOOOIOOOO 

0000000000001 1 1 1 
to 

0000000000000000 


Figure  10.  STARAN/Mass  Memory  Black  Box  Interface 
Definition  Diagram 
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Sequences  which  transpire  over  the  PIO  interface  are  facilitated  only 
after  a storage  access  request  has  been  entered  and  acknowledged  over  the 
DMA  channel.  Following  acknowledgement  of  the  specific  access  request, 

PIO  data  transfer  sequencing  is  allowed  to  begin.  A "read"  operation  over 
PIO  involves  the  transfer  of  data  from  one  or  more  of  the  four  available 
256  bit  wide  PIO  array  ports  to  the  mass  memory  for  entry  into  storage. 
Alternately,  a "write"  operation  involves  the  readout  of  MM  stored  data  and 
transfer  of  that  data  back  into  the  associative  arrays  via  their  respective  PIO 
ports . 

All  arrays  in  the  STARAN  system  do  not  always  take  part  in  every 
PIO  data  transfer  operations.  Internal  to  the  system  there  are  two  control 
registers  which  specify  the  operational  states  of  the  respective  APA's.  The 
array  "assignment"  register  determines  which  arrays  will  take  part  in 
external  lO  operations  under  PIO  control  and  which  ones  will  remain  under 
AP  control.  Of  those  under  AP  control,  the  array  "select"  register  further 
determines  which  ones  will  be  active  and  which  will  remain  quiescent  during 
any  given  program  sequence  or  machine  instruction  cycle.  The  information 
contained  in  the  "assignment"  register  must  be  provided  to  the  MM  via  the 
DMA  access  command  to  facilitate  proper  selection  of  only  those  segments 
of  memory  actually  needed  during  a given  I/O  cycle.  Further  masking  on  a 
bit  basis  is  possible,  but  this  and  the  multitude  of  other  functions  occurring 
solely  within  STARAN  should  be  of  absolutely  no  concern  to  the  MM.  Only 
those  operations  having  direct  bearing  on  conditions  at  their  interface  are  of 
any  importance. 

In  general,  the  control  mode  existing  between  all  sections  of  an  asso- 
ciative processing  computer  system  is  that  of  an  asynchronous  "handshake" 
wherein  both  members  must  agree  on  their  respective  roles  in  any  interaction 
between  them.  This  results  in  the  transfer  of  data  across  the  MM-to-AP 
interface  taking  place  with  what  might  be  described  as  a "gimme-gotcha" 
type  clocking.  Initial  location  and  setup  of  the  first  data  slice  preparatory 


27 


to  transfer  following  an  access  request  must  be  accomplished  asynchronously 
by  the  MM  without  any  further  clock  or  strobe  inputs.  This  necessarily  im- 
plies that  the  MM  has  its  own  internal  timing  clock,  but  that  bit  sequencing 
control  shift  from  internal  to  external  control  once  the  first  "slice"  has 
been  positioned  at  the  MM  lO  port. 

In  requesting  access  to  external  storage,  the  associative  processor 
generates  a set  of  commands  specifying  the  starting  data-slice  address,  the 
number  of  slices  to  be  transferred,  and  the  type  of  access  desired  (e.g.  , read, 
w-rite,  read/write,  clear,  etc.  ).  It  then  sets  up  the  proper  function  and 
address  line  states  and  "cues"  the  memory  that  an  access  is  pending.  Assum- 
ing the  STARAN  system  is  representative,  the  PIO  controller  will  originate 
all  calls  for  data  transfers  to  or  from  the  MM  and  will  output  the  necessary 
address  and  control  information  via  the  32  bit  wide  DMA  port.  Multiple 
strobings  of  the  32  bit  DMA  "word"  can  be  employed  if  more  than  32  bits 
are  needed  to  fully  specify  the  access  conditions. 

The  Address  Acknowledge  line  is  used  to  signal  that  the  input  address 
has  been  entered  and  recognized  and  that  the  requested  starting  data  slice 
is  available  for  reading  at  the  output  port  and/or  writing  at  the  input  port. 

Once  a cued  address  has  been  acknowledged  by  the  memory,  initiation  of  data 
transfer  operations  is  controlled  exclusively  by  the  processor  via  the  Function 
Continue  line. 

In  a generalized  multiprocessor  or  multicomputer  system  the  MM  may 
receive  access  requests  from  a number  of  different  devices.  In  the  STARAN 
system,  though,  this  is  not  the  case.  The  reason  for  this  is  simply  that, 
although  l/O  data  may  be  steered  between  the  MM  and  any  one  of  a number 
of  other  structures  (such  as  the  host  computer  memory  or  supporting  peri- 
pherals), all  access  requests  sent  to  the  MM  will  originate  in  the  STARAN  AP 
controller  and  be  sent  to  the  MM  via  the  PIO  controller  and  the  DMA  port. 

All  request  priorities  will  be  settled  within  the  STARAN  AP  controller  before 
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the  PIO  controller  issues  successive  address  commands.  Similarly,  routing 
of  the  MM  data  to  or  from  specific  subsystems  will  be  accomplished  via  the 
port  flip  network,  again  under  direct  control  of  the  PIO  program. 

No  provision  is  ntade  in  the  DMA  or  PIO  channels  whereby  the  Mass 
Memory  can  signify  that  it  is  busy  (for  whatever  reason)  and  therefore  cannot 
grant  a pending  access  request.  This  condition  is  handled  in  STARAN  by  way 
of  the  simple  expedient  of  considering  a request  invalid  after  20  msec,  abort- 
ing the  request,  and  going  ahead  to  other  business.  Should  it  prove  of  major 
importance  in  improving  overall  system  communications,  it  may  be  possible 
to  allow  the  control  sections  of  the  MM  to  tie  onto  the  sequential  processor 
UNIBUS  as  an  adiiitional  element  in  its  interrupt  system.  This  would  provide 
a means  whereby  the  mass  memory  could  communicate  its  unavailability, 
the  reason  for  it,  and  request  the  type  of  service  needed.  Consideration  of 
the  options  will  need  to  be  reviewed  further  during  detailed  algorithm  develop- 
ment work  for  a prototype  Mass  Memory. 

To  ensure  proper  cycling  of  the  machine  functions  in  the  CIOU  interface, 
special  provision  has  been  made  to  tap  - out  the  BCW  (buffer  control  word) 
sync  bit  for  use  in  all  PIO  interface  transactions  with  the  Mass  Memory. 

Table  4 sets  forth  the  manner  in  which  the  BCW  sync  bit  is  related  to  PIO 
sequences  and  how  it  must  be  interpreted  and  used  by  the  MM  control  struc- 
ture. In  particular,  operations  are  keyed  to  use  of  the  BCW  sync  bit  by  the 
mass  memory  as  an  incrementing  enable  command  which  is  to  be  executed 
upon  rec<“ipt  of  the  next  Function  Continue  pulse.  An  additional  stipulation 
made  is  that  Reflected  Continue  must  always  be  returned  to  STARAN.  Failure 
to  do  so  is  the  one  source  of  system  lockup  present  in  the  PIO  interface. 
Immediate  return  without  action  by  the  MM  occurs  when  BCW  sync  is  low, 
and  delayefl  return  after  all  requested  internal  MM  cycle  time  has  relapsed 
occurs  when  BCW  sync  is  high. 
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TABLE  4 


STARAN  PIO  TRANSACTION  SEQUENCES 

4 


AA  READ 
MM  WRITE 

AA  WRITE 
MM  READ 

AA  READ'WRITE 
MM  WRITE/READ 

AA  — ♦ MM 

MM »AA 

AA  4 — • MM 

No  Clock 

Clock 

Clock* 

1 Re^dArrs/ 

(Nu  Sync) 

IN  1)  Rotd  Arrjy 

(With  Synt) 
1 No  Op 
(With  Sync) 

N Wnt«  Amy 
(With  Sync) 

r-^  1 Reed  Arr»y 

i (No  Sync) 

^ Write  Arriy 

1 (With  SyfK) 

Smg(t  instruction  Loop 
Plui 

$inq(«  Entry  Irtstruclion 
jnd 

Sinqle  E t't  Instruction 

Single  Instruction  loop 

T«m)  Instruction  Loop 

* ("clock  Only  During"! 
1 Write  Instruction  J 
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2.4  TIMING  CONSIDERATIONS 

In  the  STARAN  computing  system,  operating  sequences  are  derived 
from  considerations  of  both  devices  (sender  and  receiver)  which  take  part 
in  any  communications  process.  All  functions  are  scheduled  asynchronously. 
No  "master  clock"  exists  to  keep  the  internal  workings  of  two  autonomous 
devices  in  step.  Both  parties  must  mutually  agree  to  all  interactively  com- 
mon transactions  by  way  of  a prescribed  handshaking  hierarchy  of  function 
requests  and  execution  acknowledgements.  The  internal  processes  of  the  two 
interconnected  machines,  in  this  case  the  AAP  and  the  MM,  set  the  maximum 
and  minimum  rates  at  which  information  can  be  exchanged. 

Eigures  II  and  12  describe  the  basic  timing  relationships  which  exist 
for  transfers  over,  respectively,  the  DMA  and  PIO  channels.  Internal 
STARAN  machine  cycles  require  nominally  150  nanoseconds.  Since  five 
machine  cycles  minimum  are  required  to  set  up  and  complete  a DMA  "write" 
sequence,  the  highest  rate  at  which  requests  can  he  generated  is  about 
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Figure  1 I.  STARAN  DMA  Channel  Timing  Relationship 
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1' igure  IZ.  STARAN  PIO  Channel  Timing  Relationships 
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5 X 150  - 700  nsec.  A "read"  sequence,  on  the  other  hand,  involves  a total 
at  .It  least  nine  basic  cycles;  so,  the  highest  rate  for  that  operation  is  on  the 
order  of  ‘1  x 160  = 1.  35  psec.  For  all  transfer  sequences,  an  upper  bounding 
limit  of  ZO  msec  is  placed  on  the  permissible  time  to  between  issuance  of  an 
address  present  transaction  request  and  receipt  of  an  address  acknowledge 
function  done  signal.  This  provision  is  incorporated  into  STARAN's  control 
structure  in  the  form  of  a one-shot  timer.  It  serves  to  prevent  "deadly- 
<‘mbrace''  typ<-  system  lockups. 

For  data  transfer  sequences  over  the  PIO  channel,  the  maiximum  rates 
are  determined  by  considerations  of  the  shortest  permissible  instruction 
cvcle  time—  in  the  face  of  long  intercabinet  cabling—  in  the  case  of  read 
transactions,  and  by  the  shortest  reliable  write-in  time  of  the  STARAN  asso- 
ciative arrays  during  a write  transaction.  As  noted,  the  instruction  cycle 
time  is  on  the  order  of  150  nanoseconds.  The  associative  arrays  can  readout 
in  this  length  of  time,  but  they  require  at  least  300  nanoseconds  (i.  e.  , two 
machine  cycles)  to  secure  reliable  write-in.  The  respective  transfer  se- 
quences are  shown  in  figures  13  and  14. 

The  consequence  of  these  timing  considerations  is  that  the  original 
guideline  objective  of  accomplishing  data  transfers  between  an  associative 
array  (AA)  and  the  mass  memory  (MM)  within  150  nsec,  or  one  basic  machine 
cycle,  I annot  presently  be  accomplished  by  STARAN  due  to  physical  plant 
parameters.  As  to  cabling,  the  s.ime  restrictions  should  apply  to  the  MM. 

The  specification  on  data  flow  rate  has  therefore  been  cut  back  to  300  nsec /bit 
on  read  (write  into  MM)  and  450  n.sec/bit  (read  out  of  MM). 

Minimum  access  "queueing"  time  is  dependent  on  the  parameters  of  the 
M.M  storage  medium.  Using  the  MNOS  technology,  the  first  slice  prequeue 
time  will  consist  of  three  component  intervals  during  any  I/O  mode  involving 
a read  operation,  but  only  the  first  of  these  three  for  a write-only  I/O  opera- 
tion. The  three  intervals  are  as  follows: 
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Figure  !3.  PIO  Channel  Read  Transfer  Sequence  Diagram 


Figure  14.  PIO  Channel  Write  Transfer  Sequence  Diagram 
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Approximately  1 microsecond  is  allotted  to  powering-up  the  memory  chips 
which  will  take  part  in  the  I/O  operation.  Another  2 microseconds  (typical) 
is  then  required  to  select  a specific  storage  matrix  row  of  data  bits  and  load 
these  bits  into  the  on-chip  I/O  shift  registers. 

The  final  increment  of  prequeing  time  consists  of  shifting  the  data 
through  the  register  to  position  the  desired  bit  at  its  I/O  port.  The  actual 
time  involved  is  a function  of  the  shift  rate,  the  register  length,  and  the 
position  of  the  desired  first  bit.  Presently  available  registers  have  proven 
capable  of  shifting  faster  than  200  nsec/bit,  so  the  established  300  nsec/bit 
is  a very  safe  specification.  With  the  longest  registers  currently  projected  for 
MNOS  memory  chips  up  through  a capacity  of  64  Kbits  being  64  stages,  the 
minimum  prequeue  time  will  be  on  the  order  of  3 microseconds  while  the 
maximum  first  slice  setup  time  will  be  less  than  (3  +(64  x 0.  3))  = (3  + 19. 

- 11.  Z microseconds.  This  does  not,  of  course,  allow  for  any  miscellaneous 
bookkeeping  overhead  time  that  may  precede  the  address  being  applied  to  the 
storage  sectionof  the  mass  memory.  Allowance  for  this  tends  to  indicate  that  up 
to  50  total  memory  queue  time  may  be  encountered  in  end-use  installations. 

Two  further  factors  relating  to  the  timing  of  events  across  the  AA/MM 
interface  which  will  impact  on  the  memory  organizations  are  the  average  turn- 
around time  between  successive  PIO  transactions  and  the  maximum 
asynchronous  interrupt  or  idle  time  between  successive  word  transfers. 

Turn  around  time  affects  the  storage  device  duty  factor,  which  in  turn  in- 
fluences average  power  drain  and  system  reliability.  The  length  of  write 
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periods  between  successive  transfers  will  determine  whether  provisions 
must  be  made  to  ensure  against  loss  of  data  in  dynamic  intermediate  transfer 
registers. 

Through  discussions  with  RADC  it  was  concluded  that  within  the  exist- 
ing STARAN  facilities  the  worst  case  burst  turnaround  time  between  the  end 
of  one  lO  operation  and  the  start  of  the  next  would  be  greater  than  20  psec. 
In  the  case  of  hold  time,  it  was  concluded  that,  although  the  typical  "dead" 
time  in  lO  sequences  would  be  less  than  200  psec,  the  outside  possibility  of 
it  exceeding  a few  milliseconds  does  exist.  As  a consequence,  the  memory 
controller  must  include  all  necessary  provisions  to  accomplish  any  periodic 
"refreshing"  of  data  that  may  be  necessary  with  extended  waite  periods. 
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3.  DETAILED  INVESTIGATIONS 


The  need  for  a large  data  base  storage  device  has  been  promulgated  by 
the  expanded  development  of  very  high  speed  multiprocessor  type  computers. 
These  machines  have  proven  so  powerful  and  so  fast  that  they  remain  idle  for 
extended  periods  due  to  the  bottleneck  that  exists  at  their  interfaces  to  avail- 
able bulk  storage  devices  like  drums,  disks,  or  tape  units.  Until  recently, 
with  the  maturing  of  the  MNOS  technology,  it  was  not  practical  to  build  a 
solid-state  replacement  for  these  memories.  It  is  toward  the  expressed  goal 
of  providing  a I Gbit  storage  unit  having  full  capabilities  matched  to  the 
STAltAN  type  AAP  computer  that  the  tradeoff  evaluation  of  alternate  organi- 
zational and  design  concepts  conducted  here  is  directed. 

Six  fundamental  considerations  distinguish  the  requirements  of  a mass 
memory  intended  to  operate  in  consort  with  an  associative  array  processor 
(AAP)  like  STARAN  from  more  conventional  memories  which  find  application 
with  sequential  processors: 

• Data  Base  Size 

• lAial  Access  Ports 

• Access  Port  Width 

• Block  Access  Format 

• .Storage  Manipulation 

• I unction  Management. 

Tliese  facto  rs  are  addressed  in  this  section.  Discussions  center  around  the  last 
three  design  points,  with  allowances  made  where  appropriate  for  the  first  three. 

3.  1 GLOBAL  HIEHARCHY 

In  undertaking  an  investigation  of  the  AAP  compatible  mass  memory 
design  concepts,  it  is  necessary  to  first  identify  the  global  hierarchy  of  the 
memory:  i.  e.  , to  identify  and  compartmentalize  its  various  functional  parts 


37 


or  subsections  so  that  they  can  be  given  individual  and  coordinated  attention. 

By  way  of  contrast,  consider  first  the  configuration  of  sequential  computer 
storage  units.  According  to  established  practice,  these  memories  typically 
contain  th«-  following  units: 

• Karulom  Access  Memory  (HAM) 

• Memory  Address  Register  (MAR) 

• Memory  Buffer  Register  (MBR) 

• Memory  Interface  Logic  (MIL) 

In  this  class  of  memory,  access  to  stored  data  is  accomplished  on  a single  bit, 
or  multiple  parallel  bit,  totally  random  basis.  Successive  data  words  (multiple 
parallel  bits)  are  accessed  only  by  executing  a complete  access  instruction 
cycle  to  generate  a new  address.  For  handling  large  quantities  of  data,  the 
overhead  time  between  successive  words  makes  totally  random  access  very 
inefficient  and  useful  only  in  low- speed  environments. 

To  provide  greater  processor  to  memory  data  transfer  efficiency, 
access  to  high- capacity  backing  stores  (i.  e.  , mass  memories)  is  founded  on 
the  principle  of  block  transfers  using  only  a single  access  instruction  cycle. 
With  this  approach,  a memory  address  identifies  a "block"  of  sequentially 
ordered  data  word  storage  spaces  rather  than  just  a single  word.  In  this 
class  of  memory,  the  equivalent  set  of  functional  units  is: 

• Block  Accessed  Memory  (BAM) 

• Memory  Address  Register  (MAR) 

• Data  I’ransfer  Sequencer  (DTS) 

• Memory  Interface  Logic  (MIL) 

Receipt  of  an  access  request  causes  the  first  word  of  the  addressed  data 
block  lobe  setup  ready  for  transfer  through  the  memory  interface  logic. 
Successive  words  in  the  block  are  shifted  across  the  processor-memory 
interface  at  high  speed  without  any  further  overhead  penalty  in  access  in- 
struction cycles  in  the  user  device.  Note  that,  at  the  basic  memory  module 


Icvrl,  the  DTS  consists  of  nothing;  more  than  a wire  carrying  clock  or  strobe 
jiulses  to  the  storage  section. 

Using  MNOS  memories,  access  cueing  times  to  the  first  word  of  a data 
block  on  the  order  1 gsec  and  data  transfer  times  between  successive  words 
on  the  order  of  200  nsec  are  easily  accommodated.  Since  this  capability  ex- 
ceeds the  requirements  for  the  RADC  AAP  computer,  there  is  no  need  to  in- 
corporate multiplexing  (time  interleaving)  at  any  point  in  the  memory  struc- 
ture solely  for  the  purpose  of  boosting  the  lO  speed  capabilities  of  the 
memory.  Consequently,  the  optimum  organization  can  be  more  freely  estab- 
lished on  the  basis  of  minimizing  costs  and  maximizing  reliability  — two 
mutually  complementary  goals  to  a practical  mass  memory. 

Although  block- or iented  memory  accessing  concepts  are  effective  in 
eliminating  the  overhead  "fetch"  times  of  word  accessing  approaches,  special 
considerations  of  the  AAP  deployment  environment  must  also  be  accounted  for 
in  delineating  the  MM  hierarchy.  These  include: 

• independence  of  two  access  ports 

• configuration  of  lO  interfaces 

• expansion  of  storage  capacity 

• reformatting  of  stored  data 

• management  of  data  base. 

The  presence  of  two  concurrently  activatable  ports  impacts  heavily  on  the 
communication  and  control  networks  within  the  memory.  Structuring  of  the 
lO  interface  to  provide  multiple  256  parallel  bit  words  influences  the  manner 
in  which  storage  is  modularized  to  allow  for  expansion  of  the  storage  capacity. 

Allowance  for  reformatting  of  the  stored  data  comes  from  consideration 
of  both  the  types  of  user  peripherals  which  may  be  used  to  initially  load  the 
mass  memory  and  from  the  need  to  manipulate  data  among  the  multiple  lO 
word  channels.  It  bears  on  the  design  of  data  routing  and  bussing  structures 
and  on  whether  a supporting  buffer  memory  should  accompany  the  man  stor- 
age unit.  Data  management  provisions  constitute  an  overhead  option  of  the 


basic  AAP  mass  memory  which  converts  it  from  an  interactively  "dumb" 
direct  accessed  memory  module  to  an  "intelligent"  indirect  accessed  mem- 
ory system. 

3.  1.  1 Haseline  Module 

t aking  into  account  the  unique  demands  placed  on  its  formulation, 
ligure  15  presents  the  block  diagram  of  a baseline  mass  memory  module 
capable  of  being  deployed  in  general  multiprocessor  environments.  As  seen 
here,  the  global  structuring  of  functions  calls  for  six  distinct  types  of 
elements: 

• Nonvolatile  Main  Memory  (NMM) 

• Memory  Interface  Logic  (MIL) 

• Memory  Function  Controller  (MFC) 

• Access  Request  Controller  (ARC) 

• Volatile  I3uffer  Memory  (VBM) 

• Access  I^riority  Resolver  (APR). 

Stipulation  of  nonvolatility  in  the  main  storage  section  provides  the  requisite 
data  integrity  against  power  loss.  Furthermore,  it  contributes  to  simplifica- 
tion of  support  circuitry  (through  elimination  of  continuous  refreshing),  mini- 
mization of  power  drain,  and  maximization  of  reliability:  all  of  which  improve 
th<-  memory's  cost- of-ownership  factor,  expressed  in  terms  of  ^/bit/year  of 
operating  life. 

In  single- ported  form,  no  priority'  resolution  is  necessary  between 
overlapping  access  requests  entered  via  a pair  of  counterpoised  ports.  The 
A F-*R  unit  thus  constitutes  an  application  oriented  option  in  the  baseline  MM 
module,  depending  on  the  need  for  concurrently  operable  access  ports. 
Resolution  of  access  priorities  among  multiple  users  connected  to  common 
port  is  handled  by  either  the  ARC  unit  or  by  a higher  ordered  control  struc- 
ture outside  of  the  memory  (somewhere  in  the  computer  complex  communica- 
tion network). 
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Responsibility  for  direct  control  of  the  storage  section  (i.  e.  , NMM) 
functions  is  assigned  to  the  MFC.  This  unit  performs  all  necessary  memory 
address  interface  operations  involved  in  retrieving  and  lO  sequencing  selected 
flata  blocks.  1 his  includes  skipping  over  the  first  several  words  in  a block 
if  an  access  instruction  specifies  a starting  word  position  other  than  the  first. 
It  also  establishes  the  requisite  functional  modes  (read,  write,  etc.  ) during 
all  memory  t ransactions, and  controls  the  routing  of  data  as  it  passes  through 
the  MIL.  This  latter  unit  contains  the  data  routing  and  signal  conditioning  ci r - 
cuitry  involved  in  the  transfer  of  data  into  or  out  of  the  storage  sections  of 
the  memory. 

I'he  final  element  identified  as  a unique  part  of  the  baseline  module  is 
the  VHM.  In  non-block-oriented  memories,  the  memory  buffer  function  is 
normally  accomplished  by  way  of  an  interspersed  register  between  the  central 
storage  unit  and  the  outside  word.  In  a block-accessed  mass  memory,  this 
simple  buffer  register  is  made  an  integral  part  of  the  main  memory.  The 
justification  for  providing  a buffer  memory  in  the  mass  memory  hierarchy  is 
to  ensure  that  the  memory  organization  will  be  equally  applicable  in  the  full 
range  of  multiprocessor  systems  now  under  development. 

Whether  or  not  a VBM  is  actually  incorporated  into  any  specific  imple- 
mentation will  depend  on  the  relative  need  for  instituting  data  reformatting 
within  the  mass  memory  which  could  not  be  accomplished  more  expeditiously 
outside  of  th«“  memory.  Exploratory  examinations  of  the  possible  configura- 
tions of  such  a buffer  revealed  that  the  alternatives  are  as  limitless  as  the 
number  of  applications.  An  expository  treatment  of  all  the  possibilities  is 
therefore  not  undertaken  here.  The  point  to  note  is  that  the  VBM  constitutes 
an  application  option  whose  form  and  existence  must  be  justified  by  the  de- 
mands of  the  computer  complex  in  which  the  mass  memory  is  deployed.  The 
mann«  r in  which  the  overall  .MM  is  configured  must  allow  for  its  insertion  or 
deletion  with  no  fundamental  change  in  performance. 
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fiASKLINK  MM  INSTRUCTION  PRIMITIVES 


Nil 

Instruction 

Block  Address 

Storage  Opr.'iation 

Clock  ] 

0 

PFAO 

XXXX 

OUT  NMM 

1 

Ext 

1 

WRITE 

XXXX 

NMM  INP 

Ext 

2 

CLEAR 

XXXX 

NMM  - — "0" 

Int 

! " 

DUMP 

XXXX 

OUT  NMM  — "0" 

Ext 

4 

MODIFY 

XXXX 

OUT  - — NMM  ' INP 

Ext 

5 

DUPLICATE 

XXXX.YYYY 

NMM  - — NMM' 

Int 

6 

RELOCATE 

XXXX.YYYY 

NMM  - — NMM'  "0" 

Int 

; 

NO-OP 

(NONE) 

(None) 
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For  the  baseline  MM  module,  eight  instruction  primitives  have  been 
postulated.  These  are  shown  in  table  5.  It  will  be  observed  that  only  four 
primitives  specify  operations  which  involve  transfers  between  the  memory 
lO  and  the  memory  storage  section  (viz.,  primitive  numbers  0,  1,  3,  and  4). 
For  execution  of  these  instructions,  the  user  device  must  supply  a word  in- 
crementing clock  (function  continue  strobe).  Sequencing  during  execution  of 
the  other  four  does  not  require  intervention  by  an  external  device.  It  is 
handled  automatically  by  action  of  the  MFC. 

Composition  of  this  list  of  primitives  is  based  on  consultation  with 
RADC.  Inclusion  of  the  "duplicate"  and  "relocate"  instructions  (No.  5 and  6) 
was  felt  to  be  necessary  to  facilitate  both  safety  duplication  of  important  data 
files  and  restructuring  of  the  data  base  during  the  "garbage  collection"  algor- 
ithms inherent  in  data  management.  This  list  is  oy  no  means  intended  to  be 
an  irrevocable  specification.  It  has,  however,  been  used  in  evaluating  the 
capabilities  ol  alternate  memory  mechanization  philosophies. 
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Observe  that  provision  for  VBM  primitives  has  not  been  made.  This  is 
intentional.  IJesigns  for  the  mass  memory  are  based  on  eliminating  the  need 
for  an  interface  buffer  store  between  the  AAP  and  the  NMM.  Use  of  a buffer 
would  ( ompromise  the  effective  data  rate  of  the  system  since  continuous,  fast 
data  exchanges  could  not  be  instituted.  Only  steering  logic  will  be  used  to 
select  between  data  flow  paths.  Consideration  of  the  uses  for  a buffer 
memory  are  restricted  to  the  means  by  which  data  is  initially  loaded  into  the 
system  from  its  supporting  peripheral  devices.  The  structure  at  this  point 
has  neither  been  fully  defined  nor  apparently  thoroughly  investigated.  The 
various  aspects  of  this  peripheral  interface  problem  ultimately  will  have  to 
be  resolved  to  realize  the  full  computational  power  of  the  STARAN  AAP  sys- 
tem. This  depth  of  system  design  involvement  is,  however,  beyond  the  scope 
of  the  present  study. 

3 . 1 . Z l.'.lelligent  System 

As  a stand-alone  memory,  the  baseline  MM  module  will  satisfy  the 
guideline  performance  requirements  of  a 1 Gbit  backing  store  for  an  AAP 
installation  where  there  exists  a single,  central  control  unit  through  which  it 
receives  all  access  commands  and  which  oversees  all  access  requests  sent 
via  either  port  to  ensure  that  storage  space  is  allocated  in  an  orderly  and 
nonoverlapping  manner.  If  this  is  not  handled  in  an  automatic  fashion  (trans- 
parent to  the  programmer),  then  conflects  will  assuredly  occur  at  some  point 
between  the  data  file  space  assignments  made  by  different  users. 

The  type  of  information  to  be  stored  (whether  data  or  instruction)  is,  of 
course,  of  no  direct  consequence  to  the  MM  organization.  Depending  on  the 
application,  user  software  routines  may  make  use  of  microprogramming 
techniques,  reserve  whole  sections  of  storage  exclusively  for  reference  pro- 
gram instructions,  or  utilize  the  memory  totally  for  data  storage.  Although 
AAP  software  assignments  are  not  a direct  concern  of  this  study,  the  func- 
tional elements  present  in  the  hierarchy  of  the  MM  bears  heavily  on  the  alter- 
natives visible  to  the  programmer.  In  this  regard,  it  is  to  be  noted  that  the 
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baseline  module  is  based  on  the  use  of  "direct"  data  block  addressing.  It  is, 
therefore,  interactively  "dumb.  " It  can  provide  only  autonomous  responses 
to  processor  unit  commands. 

In  the  baseline  memory,  the  simple  functions  described  are  normally 
mechanized  without  frills  of  any  kind.  As  the  size  of  the  available  data  base 
and  number  of  potential  users  expands,  the  sophistication  of  the  addressing 
structure  must  increase.  As  indicated,  a potentially  catastrophic  considera- 
tion arising  from  indiscriminate  use  of  direct  memory  addressing  in  a large 
data  base  system  is  that  it  is  very  difficult  to  incorporate  sufficient  safeguards 
among  the  distributed  users  to  prevent  inadvertent  destruction  of  another 
user's  data  file  as  a result  of  storage  space  overwrites. 

9 

To  uniquely  access  any  of  the  4 million  (E66  bit)  words  in  a 10  bit  data 
base  MM  requires  the  presence  of  22  address  hits  bits  = 4 Mbits)  for 

entry  and  retrieval  of  successive  file  words.  Furthermore,  sufficient  over- 
head memory  and  interuser  communication  must  be  provided  as  necessary  to 
keep  track  of  still  available  spaces.  Conversion  from  direct  to  indirect  ad- 
dressing and  inclusion  of  appropriate  service  facilities  as  an  integral  part 
of  the  MM  control  functions  relieves  this  burden  from  each  user  program 
and  greatly  enhances  the  system  throughput  due  to  a major  reduction  in  turn- 
around cycle  time. 

By  centrallizing  the  "overseer"  or  "bookkeeping"  functions  of  a data  manage- 
ment facility  within  the  mass  memory  hierarchy  in  the  manner  indicated  in 
I-igure  16,  allocation  of  space  to  respective  users  can  be  accomplished  with 
continuous  checks  made  to  ensure  that  neither  file  encroachment  nor  non- 
allocatcd  space  overwriting  occurs.  If  this  responsibility  is  assigned  to  a 
minicomputer  tied  into  the  MM  control  structure,  changes  in  its  software 
routines  can  be  made  to  affect  the  manner  in  which  it  accomplishes  its  super- 
visory tasks.  It  is  accordingly  anticipated  that  this  unit  will  consist  of  a 
sequential  processor  like  that  in  STARAN,  This  will  facilitate  rapid  modifi- 
cation of  the  global  control  functions  of  the  MM. 
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As  seen  in  fijjure  16,  the  global  structuring  of  elements  involved  in 
adding  an  intelligent  data  management  overhead  facility  to  the  baseline  MM 
module  < alls  for  the  use  of  four  distinct  types  of  elements: 

• Nonvolatile  l-'ile  Memory  (NFM) 

• Nonvolatile  Resources  Memory  (NRM) 

• Data  Management  CPU  (DMC) 

• Cache  Access  Memory  (CAM). 

Just  as  with  the  main  memory  section,  nonvolatility  of  storage  is  necessary 
in  the  data  file  and  resource  allocation  directories  of  the  MM  data  management 
unit.  Without  this  proviso,  power  outages  would  result  in  loss  of  all  file  lo- 
cation and  space  assignment  information.  Recovery  from  this  condition  would 
be  extremely  difficult,  if  not  impossible,  unless  extensive  ''header''  informa- 
tion was  entered  with  each  block  of  data  in  the  NMM  section  so  that  it  could 
be  scanned  and  used  to  restore  the  management  directory  contents. 

Insertion  of  file  headers  preceding  blocks  of  data  is  the  standard  pro- 
cedure followed  with  present  rotating  magnetic  storage  units  like  drums, 
disks,  and  tapes.  For  them,  it  is  virtually  mandatory  due  to  thei r totally  se - 
quential  access  structure.  IXie  to  this,  the  "search"  time  to  locate  a re- 
quested block  of  data  is  frequently  very  long  (extending  to  several  minutes 
with  some  tape  units).  This  approach  to  data  base  management  could  also 
be  applied  to  a solid-state  mass  memory.  It  would  however,  have  the  ob- 
vious drawbacks  of  (1)  reducing  the  available  storage  space  for  data  by  the 
amount  needed  for  the  headers  and  (2)  increasing  the  acquisition  time  due  to 
the  need  for  a serial  search  of  a very  large  data  base.  These  conditions  -- 
particularly  the  latter - -are  unacceptable  from  the  ground  rules  of  this  study. 

Minimization  of  search  time  is  one  of  the  key  parameters  which  must 
be  addressed  in  developing  the  control  algorithms  involved  in  access  request 
processing  and  data  management.  It  is  for  this  express  purpose  that  specifi- 
cation IS  made  for  the  introduction  of  a small  associatively  searched  "cache" 
memory  to  serve  as  an  access  ledger  for  the  most  recently  transacted  file 
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Figure  lb.  Indirect  Access  Intelligent  MM  System  Block  Diagram 
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records.  With  a fast  file  directory  intimately  tied  to  the  ARC,  the  hand- 
ling* of  access  requests  to  data  files  whose  header  addressing  information  is 
still  in  the  directory  will  be  exjiedited  with  an  absolute  minimum  of  overhead 
search  time  since  no  involvement  of  the  sequential  processor  in  the  data 
management  unit  is  mrcessary. 

Digression.  I'here  exist  a number  of  approaches  to  the  establishment  of 
control  algorithms  for  Cache  and/or  content  addressable  memories.  In 
evaluating  the  operating  sequences  involved,  it  was  observed  that  an  extensive 
management  structure  was  necessary  to  keep  track  of  the  "recency”  of  en- 
tries made  in  the  Cache  and  of  the  position  of  empty  slots  resulting  from  direc- 
tory deletions.  To  overcome  these  deficiencies  and  facilitate  development 
of  a fast,  associatively  addressed  ARC  ledger,  a control  algorithm  based  on 
the  philosophy  of  "frequential  ordered"  filing  in  a directory  stack  was  explored. 

Frequential  entry  of  file  header  records  into  a register  stack  implies 
that  the  record  location  in  the  stack  reflects  the  relative  recency  of  a user 
access  request  to  the  corresponding  data  file  (i.  e.  , the  top- most  entry  is  the 
header  record  of  the  most  recently  accessed  file,  while  the  bottom -most  entry  cor- 
responds to  the  least  recently  accessed  file).  Note  that  stack  position  does 
not  reflect  the  "age"  of  an  entry  (i.  e.  , how  long  it  has  been  in  the  stack)  but 
rather  the  "date"  of  its  last  usage.  To  implement  this  type  of  filing  requires 
that  a "cycle-to-the-top"  operation  be  present  in  the  stack  functions.  Ob- 
viously, such  an  algorithm  is  possible  with  software,  but  this  would  be 
prohibitively  slow  and  defeat  the  purpose  of  the  leadger:  viz,  speed.  A hard- 
ware version  of  the  directory  stack  was  therefore  breadboarded  to  check  its 
feasibility,  h'igure  17  presents  a block  diagram  of  the  top  two  register  levels 
in  the  stack. 

In  operation,  the  associatively  searched  fast  directory  stack  follows  the 
functional  sequences  described  in  figure  18.  Initial  record  entry  into  this 
directory  stack  is  accomplished  in  the  simple  register  push-down  operation 
of  part  (A)  of  this  figure.  Each  new  record  is  loaded  into  the  top  register 
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Figure  17.  Associative  Search  Access  Directory  Stack  Block  Diagram 

with  all  prior  entries  being  parallel  strobed  into  the  next  lower  ordered  regis- 
ter. Ultimately  the  stack  will  become  filled  and,  if  further  entries  are  not 
inhibited,  the  bottom- most  record  will  be  lost  out  the  bottom  when  the  stack 
overflows.  This  not  only  presents  no  problem,  it  is  precisely  what  is  sup- 
posed to  happen  since  the  stack  is  intended  as  a Cached  fast  search  directory 
for  only  the  "Top  Ten"  most  recently  accessed  records. 

IXiring  operation  of  the  system  when  various  records  that  have  been 
stored  are  accessed  for  readout,  the  fast  file  directory  stack  is  updated  ac- 
cording to  the  cycle-to-the-top  permutation  sequence  described  by  (B)  of 
figure  18.  The  numbering  order  here  is  inverted  from  that  of  part  (A)  simply 
for  illustrative  convenience.  The  numbering  sequence  of  (A)  represents 
specific  record  positions  as  they  move  into  the  stack.  The  numbering  se- 
quence of  (B),  on  the  other  hand,  represents  relative  record  "recency"  of 
being  accessed  order  (i.  e. , the  most  recently  accessed  record  is  always 
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placed  at  the  top  and  assigned  the  "frequential"  filing  number  1.)  This  up- 
dating operation  takes  place  with  only  a single  executive  strobe  pulse. 

Deletion  of  a record  following  a clear  command  causes  the  frequential 
style  directory  to  follow  the  update  accounting  sequence  shown  in  (C)  of  the 
figure.  This  procedure  requires  a number  of  clock  pulses  identical  to  the 
number  of  registers  in  the  stack  and  always  results  in  the  empty  slot  in  the 
stack  being  forced  to  the  bottom- most  position  (or  positions  if  more  than  one 
record  is  cleared).  Consequently,  future  entry  of  new  records  will  simply 
refill  the  stack  in  the  original  push- down  manner  without  losing  any  prior 
records  until  an  overflow  condition  occurs. 

The  simple  and  automatic  (due  to  its  commitment  to  hardware)  update 
reordering  (or  "garbage  collection")  algorithms  possible  with  the  frequential 
filing  technique  constitutes  an  extremely  attractive  feature.  Results  obtained 
with  a 4 register  stack  breadboard  built  up  using  standard  TTL  functions  con- 
firmed in  every  respect  the  functional  algorithm  of  frequential  filing  using  a 
cycle- to-the- top  updating  permutation  Operation  was  observed  at  a stack 
update  strobing  rate  of  10  MHz  (no  attempt  was  made  to  measure  the  maxi- 
mum achievable  rate).  For  final  mechanization  of  the  MM  ARC  CAM,  serious 
consideration  of  hardware  committed  frequential  filing  is  anticipated. 

3.  1.  3 Full  Capability  Configuration 

In  establishing  the  various  levels  and  options  in  the  global  hierarchy  of 
a mass  memory  design  possessing  universal  compatibility  with  STARAN  type 
AAF^  computers,  two  additional  facilities  options  must  be  included:  namely, 

• Custom  Communication  Channel  (CCC) 

• .System  Test  Stand  (STS). 

3 h<;se  are  shown  in  F igure  19  combined  with  a basic  two-px>rt  MM  module 
and  an  intelligent  overhead  management  facility  to  form  an  application  con- 
figured, full  capability  mass  memory  installation. 

All  transactions,  regardless  of  their  origination  or  destination  points, 
are  coupled  through  the  CCC.  This  interface  unit  contains  not  only  all 
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requisite  intersystem  line  driver  and  receiver  circuits  but  also  any  command 
format  conversion  functions  necessary  to  ensure  that  all  devices  tied  into  the 
MM  receive  recognizable  signal  patterns  and  sequences.  Since  the  inter- 
active control  structures  of  the  mass  memory  have  been  established  on  the 
basis  of  being  directly  compatible  with  STARAN,  the  interface  unit  in  a 
STAHAN  based  AAP  installation  like  that  at  RADC  will  contain  only  the  line 
repeater  functions  that  have  been  stipulated.  For  use  of  the  MM  in  an  alter- 
nate, generalized  multiprocessor  environment, other  functions  to  achieve 
transaction  compatibility  could  also  be  included. 

The  final  deployment  option  with  which  the  mass  memory  can  be  equipped 
is  built- in-test  facilities.  In  many  cases  it  will  be  found  that  these  provisions 
are  actually  much  more  important  than  some  of  the  other  basic  MM  module 
add-ons.  The  sole  purpose  of  the  STS  is  to  enhance  system  maintainability 
by  minimizing  the  time  to  isolate  and  correct  failures  occurring  anywhere  in 
the  memory.  To  accomplish  this  function,  the  envolvement  of  six  key  ele- 
ments is  necessary;  specifically, 

• Diagnostic  Interface  Logic  (DIL) 

• System  Diagnostic  CPU  (SDC) 

• Diagnostic  Program  Memory  (DPM) 

• Function  Control  Panel  (FCP) 

• Keyboard  Control  Terminal  (KCT) 

• Human  Operator  (HO). 

The  DIL  provides  the  tie-in  medium  whereby  test  sequences  can  be  per- 
formed on  the  MM  system.  The  SDC  oversees  all  built- in-test  (BIT)  opera- 
tions in  accordance  with  the  programmed  instructions  contained  in  its  CPM. 
Monitoring  and  readout  of  test  results  by  the  HO  is  accommodated  via  the 
I'CP  and  KCT.  It  is  anticipated  that  end  use  mechanizations  of  the  system 
test  stand  will  incorporate  one  of  the  microprocessors  currently  being  manu- 
factured in  volume.  With  the  STS  tied-in  in  the  manner  shown,  it  can  monitor  MM 
functions  "on-line”  at  close  to  a real-time  basis,  and  can  execute  many  diagnostics 
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automatically  without  human  intervention.  Furthermore,  it  provides  a means 
of  altering  the  management  programs  in  the  MM  intelligent  overhead  unit. 

Through  th«-  foregoing  presentations,  the  complete  structure  of  a mass 
memory  having  both  full  compatibility  with  use  in  a STARAN  environment  and 
aflajitive  compatibility  with  most  presently  foreseen  configur eable  multipro- 
cessor facilities  has  been  established.  This,  however,  is  not  intended  to 
imply  that  all  elements  in  the  global  MM  system  will  be  needed  in  every  instal- 
lation (nor,  for  that  matter,  in  any  of  them).  The  hierarchy  evolved  incor- 
porates all  features  foreseen  as  being  needed  under  a diverse  set  of  application 
requirements.  Any  specific  installation  may  be  configured  to  contain  as  little 
as  the  ''core  elements"  identified  in  figure  16  to  as  much  as  the  full  capability 
system  depicted  in  figure  19.  The  procuring  agency  must  decide  what  level 
of  complexity  and  performance  features  constitute  the  most  cost  effective 
tradeoffs  in  light  of  the  minimum  requirements  of  a particular  installation. 

3.2  STORAGE  ORGANIZATION 

Kist  as  the  heart  of  STARAN  is  its  associative  arrays,  the  heart  of  the 
mass  memory  is  its  nonvolatile  main  memory  section.  It  is  the  characteris- 
tics of  the  NMM  which  determine  the  fundamental  performance  capabilities  of 
the  basic  MM  module  and  hence  of  any  higher- ordered,  application- oriented 
memory  configuration.  A fundamental  observation  to  be  made  concerning  the 
NMM  is  that  it  constitutes  a basic,  no  frills,  "barebones"  mass  memory.  A 
supplemental  requirement  imposed  on  the  development  of  this  memory  module, 
though,  is  the  stipulation  that  it  be  compatible  in  every  respect  with  future 
expansion  and  changes  in  any  of  its  application  customized  support  modules. 

Secondary  requirements  included  in  the  operational  capabilities  of  the 
aggregate  system  which  directly  impact  on  the  evolution  of  storage  section 
designs  include: 

• Hamming  (SECDED)  encoding  for  error  detection,  correction,  and 
counting  (with  the  counter  monitorable  under  software  control) 

• Translation  of  256  bit  width  word  channels,  during  I/O  transactions 
involving  less  than  four  parallel  processor  words 
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• Allowance  for  unscheduled  interruptions  (temporary  discontinuations 

or  pauses)  in  I/O  word  sequencing  of  indeterminate  duration. 

Although  subtle  in  context,  the  latter  stipulation  here  is  the  key  that 
unlocks  the  myriad  facets  of  asynchronous  operation.  Its  immediate  points 
of  interest  lie  with  the  introduction  of  on-line  and  off-line  holds  (idling  states), 
dynamically  variable  I/O  transaction  rates,  and  concordant  ability  to  inter- 
face with  virtually  any  type  peripheral,  even  including  a totally  serial  device. 
3.2.  1 Access  Modularity 

The  first  point  of  major  concern  addressed  in  the  study  of  mass  mem- 
ory storage  section  organizations  is  the  sy stemological  configurations  that 
can  be  employed  to  adapt  the  physically  fixed  block  organization  of  the  MNOS 
memory  chips  to  the  floating  or  "sliding- window"  type  block  access  needed 
to  take  maximum  advantage  of  the  capabilities  of  a STARAN  type  associative 
multiprocessor.  The  concept  of  access  to  a variable  width,  word  maskable 
block  of  multiple  word  data  lines  which  can  be  chosen  with  a totally  random 
starting  line  position  is  particularly  useful  in  radar  air  traffic  control  and 
a multiplicity  of  file  search  applications.  Figure  20  shows  how  this  concept 
can  be  visualized  in  terms  of  a viewing  slit  laid  over  a page  of  paper  con- 
taining lines  of  print.  Note  that  for  illustrative  purposes  each  "line"  con- 
tains 4 words  made  up  of  256  bits. 

With  complete  freedom  to  shift  the  viewing  window  about  on  the  page, 
adjust  its  width,  and  open  or  close  word  viewing  ports,  one  can  obviously 
take  a snapshot  view  of  any  1 -of- 16  combinations  of  words  on  any  contiguously 
adjacent  set  of  lines.  It  is  also  possible  to  envision  splitting  the  single, 
worrl  maskable  window  into  four  separate  word  channel  windows  which  can  be 
positioned  independently,  so  long  as  they  all  remain  in  different  channels. 

An  additional  set  of  4 word  channel  windows  can  also  be  conceived,  with  the 
restriction  that  the  two  windows  in  each  channel  do  not  overlap  one  another. 

If  this  process  is  carried  to  the  extreme,  the  whole  storage  plane  becomes 
covered  by  single  word  sized  windows.  Between  the  extremes  of  a single. 
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I i^;ur<'  ZO.  Slidiiif^- Window  Access  Concept  Oiagram 
lull  line  width,  nonmaskable,  totally  randomly  positioned  access  window  and 
separate,  wort!  unique,  fixed  position  windows  lies  the  modularity 
boundaries  which  will  be  optimum  for  the  central  storage  sections  of  a mass 
memory  intended  for  use  with  multiprocessor  machines  like  STARAN. 

Fistablishing  one  set  of  modularity  boundaries  along  256-bit-wide  word 
channels  as  indicated  provides  the  ideal  path  width  for  maximizing  the  trans- 
fer rate  between  the  mass  memory  and  STARAN's  four  associative  arrays. 
Review  of  the  size  of  these  arrays  reveals  that  they  are  square  matrices  of 
256  X 256  bits.  Rased  on  this,  it  appears  that  the  greatest  degree  of  assign- 
ment flexibility  is  secured  by  structuring  the  memory  access  function  along 


Enslow,  editor;  Comtre  Corporation;  Multiprocessors  and  Parallel 
Processing,  John  Wiley,  New  York;  1974;  p.  53. 
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tho  linos  of  word  channel  blocks,  in  the  manner  depicted  in  figure  21,  such 
that  each  block  contains  256  sequential  channel  words  of  256  parallel  bits 
each.  Krom  both  a physical  and  electrical  modularization  standpoint, 
boundaries  drawn  along  these  lines  have  the  twofold  advantage  of; 

• Kxa.^tly  matching  the  bit  capacities  of  each  STARAN  array 

• Permitting  the  stacking  of  modules  for  capacity  expansion 

bat  k to  back  to  increase  the  total  channel  depth, 
side  by  side  to  increase  the  attainable  line  width. 

RADC  has  confirmed  that  this  breakpoint  in  the  MM  modularization  appears 
to  be  readily  adaptable  to  a wide  variety  of  potential  AAP  system  applications. 

l or  purposes  of  addressing  within  the  mass  memory,  it  is  necessary 
to  correlate  the  storage-access  organization  with  the  physical- storage  mod- 
ularization boundaries  possible  with  MNOS  memory  devices.  Present  sched- 
ules for  chip  developments  call  for  evolution  from  the  present  16  Kbit*  de- 
vice size  up  to  64  Kbits  by  earlv  1979  and  to  128  Kbits  by  mid  to  late  1980. 
Based  on  this  schedule,  the  evolutionary  organizational  parameters  of  the 
64  Kbit  chip  are  used  here  to  establish  the  physical  hardware  boundaries  of 
the  MM  word  channel  storage  modules. 

The  storage  section  of  MNOS  IC's  are,  in  general,  organized  in  an 
X- Y or  row-column  matrix  of  cells.  On  the  16  Kbit  chip,  the  storage  mat- 
rix consists  ot  128  rows  x 128  columns.  F.'xpansion  to  a 64  Kbit  capacity  is 
facilitated  by  doubling  the  size  in  both  dimensions.  Hence,  the  storage  array 
will  contain  256  rows  x 256  columns.  Addresses  applied  along  the  row  axis 
result  in  the  transfer  of  an  entire  row  of  cell  data  as  a unit  (or  "block”)  to  or 
from  a set  of  lO  shift  registers  lying  along  either  side  of  the  chip's  orthogonal 


•^'ote:  1 Kbit  is  defined  to  be  1024  bits. 

Similarly,  1 Mbit  k^bits  = 1,048,  576  bits 
and,  1 Gbit  ^ 1 k-^  bits  = 1,  073,  741, 824  bits. 
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P'igure  Zl.  MM  Storage  Block-Access  Organization 
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column  axis.  Four  registers  are  presently  planned,  so  each  chip  will  pos- 
sess 1 paralli-l  K)  hit  channels  with  61  sequently  ordered  bits  present  in  each 
re 1 H t (•  r . 

r<)  provicle  for  <dS6  parallel  bits/word  channel,  64  MNOS  memory 
< hips  must  he  stacked  sole- by- suie.  Similarly,  to  fill  out  a block  depth  of 
Z5f)  worfis  will  require  the  end-to-end  stacking  of  4 chips.  Each  MM  storage 
module  will  thus  contain  4 x 64  = 256  MNOS  memory  IC's.  Its  storage  ca- 
pacity will  accordingly  be  256  bits/word  x 256  words/block  x 256  blocks/ 
module  - 16  Mbits/module  (derivable  alternately  as  256  chips/module  x 64 
Kbits/ chip).  From  this,  it  is  seen  that  each  module  supplies  l/64th  of  the 
total  1 Gbit  MM  capacity  (i.e.,  1 Gbit/memory  -r  16  Mbits/module  = 64 
modules/ memory). 

Since  provision  must  be  made  to  service  4 AAP  word  channels  in 
parallel,  it  is  necessary  that  the  equivalent  storage  capacity  of  16  modules 

64  mofiules/memory  ^ 4 word  channels/memory)  be  allocatable  to 
eai  h array  i hannel  during  full  lO  port  width  transactions.  Viewed  in  this 
fashion,  the  average  word  channel  storage  capacity  available  to  each  of  the 
4 .STAKAN  arrays  is  the  equivalent  to  a backing  store  consisting  of  4096 
arrays.  This  is  seen  by  recalling  that  1 MM  physical  address  block  possesses 
the  same  capacity  as  1 AA  (associative  array)  in  STAJRAN,  From  this,  it  is 
observed  that  256  blocks / module  x 16  modul es / channel  = 4,096  blocks/ 
channel. 

The  relationship  between  the  MM  storage  modules  and  the  manner  in 
which  they  are  collectively  accessed  can  be  envisioned  in  a number  of  ways. 
One  IS  to  depict  the  stacking  of  the  individual  word  channel  blocks  of  figure 
21  into  four  flistinct  piles  having  4,096  layers  (blocks)  each.  Another  is  to 
. onsider  full  line  width  groups  of  256  blocks  to  be  stacked  in  16  distinct 
piles  (called  "planes").  From  this  latter  visualization  it  is  possible,  through 
a simple  change  in  terminology,  to  give  a readily  recognized  physical 
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i ntf  rpr  1‘tation  to  the  modularity  interrelationships.  In  particular,  upon  mak- 
ing the  lollowiny.  terminology  substitutions, 

• replace  "blmk”  with  "paj^e" 

• replace  "plane"  with  "chapter" 

• replace  ' memory"  with  "text". 

It  is  seen  that  the  organizational  modularity  of  the  mass  memory  is 
strikingly  analogous  to  that  of  an  ordinary  textbook  (see  figure  22). 

Although  this  somewhat  simpleminded  interpretation  of  the  MM  acces- 
sing organization  obviously  does  not  directly  allow  for  all  possible  manipula- 
tions of  the  data  base  which  software  can  introduce,  it  does  immediately  bring 
to  light  the  hardware  boundaries  along  which  capacity  expansion  or  fractional- 
ization  can  be  accomplished.  Starting  from  the  full  1 Gbit  baseline  size 
shown,  expansion  or  contraction  of  the  capacity  in  the  depth  dimension  in- 
volves addition  or  deletion  of  chapters  (each  of  which  represents  a plane  of 
memory  comprised  of  4 word  storage  modules).  Alternately,  to  vary  the 
memory  capacity  in  the  width  dimensions  involves  modifying  the  page  size 
(viz.,  by  changing  the  number  of  words/line)  in  all  16  chapters. 

Here  it  is  to  be  noted  that  addition  of  chapters  can  easily  be  accommo- 
dated since  this  is  the  natural  bussing  axis  within  the  memory,  and  no  change 
IS  necessary  in  the  porting  facilities  of  the  system.  Conversely,  retrofit  ex- 
pansion of  the  page  size  in  a memory  after  it  has  been  installed  will  be  accom- 
plished only  with  difficulty  and  considerable  expense  due  to  the  change  affecting 
virtually  every  physical  modularity  parameter  built  into  the  system.  For 
emphasis  ol  this  point,  contrast  the  relative  ease  with  which  chapters  can 
be  addended  to  a text  with  the  near  absurdity  of  trying  to  directly  (without 
resorting  to  photolithographic  processes)  increase  the  size  of  all  its  pages 
after  they  have  been  printed! 

lor  purposes  of  envisioning  the  manner  in  which  the  mass  memory  can 
be  usetl  in  diverse  application  environments,  it  is  also  possible  to  consider 
each  256  bit  word  to  be  comprised  of  f)4,  32,  16,  or  H bit  "characters.  " If  this 
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subdivision  of  the  basic  memory  storage  format  is  accomplished  in  the  port- 
ing facilities  (or  elsewhere  in  the  interdevice  communication  channel)  rather 
than  within  the  main  storage  facilities  of  the  MM,  the  memory  will  be  totally 
unaffected  since  it  will  still  deal  only  with  full  sized  words.  The  fact  that 
they  are  broken  down  into  or  built  up  from  subword  characters  upon  being 
interfaced  will  make  no  difference.  In  most  deployments,  this  will  have 
bearing  mainly  on  use  of  the  second  access  port  as  an  interface  to  sequential 
processors;  and,  hence,  on  the  decision  of  whether  or  not  to  incorporate  a 
data  reformatting  buffer  memory. 
i.  Z.Z  Data  Routing 

There  are  three  fundamentally  distinct  interconnect  schemes  plausible 
for  routing  data  betweienJthe  pair  of  MM  access  ports  and  the  collection  of 
6-1  basic  storage  modules;^  namely, 

• Time-Shared  Bus 

• Crossbar  Switch 

• Multiport  Module 

any  of  which  may  be  configured  as  a unidirectional  "dual- rail"  or  a bidirec- 
tional "single- rail"  (observe  that  the  STARAN  interface  channels  are  daisy- 
chained  forms  of  dual- rail, time- shared  interconnects).  Considering  the 
extreme  quantity  of  cabling  involved,  it  is  anticipated  that  only  single- rail 
bussing  will  prove  practical  on  a physical  mechanization  basis  among  the 
MM  storage  modules.  Data  routing  alternatives  are  explored  only  under 
this  presupposed  condition;  but  in  most  cases  they  will  be  found  to  be  relatively 
uninfluenced  by  it. 


Enslow,  Philip  H,  , Jr.  ; "Multiprocessor  Architecture  - A survey' 
Procedings  of  1975  Sagamore  Computer  Conference  On  Parallel 
Processing;  August  1975;  pp.  63-70. 


Although  many  other  factors  must  be  considered  in  the  global  MM 
context,  there  are  three  key  points  upon  which  decisions  regarding  data 
routing  networks  within  the  mass  memory  storage  section  will  be  based. 
These  are 

• functional  isolation  of  two  concurrently  operable  ports 

• facility  for  intermodule  data  transfer  manipulation 

• quantity  of  circuitry  required  for  mechanization. 

The  first  two  evaluation  base-points  here  are  derived  from  the  type 
of  performance  requirements  imposed  on  an  MM  which  is  compatible  with 
AAP  type  computers.  The  latter  consideration  serves  as  a final  screening 
aid  to  determine  the  relative  cost-effectiveness  and  reliability  implications 
of  alternatives  capable  of  satisfying  the  basic  performance  criteria. 

Of  the  three  available  approaches  to  data  routing,  time-shared  bussing 
IS  tlu'  simpliest  ami  cheapest.  It  is  common  in  minicomputers  because  of 
the  ease  of  expanding  the  system  facilities  by  merely  hanging  additional 
peripheral  devices  on  the  bus.  It  is  totally  unsuited  to  use  in  raw  form  in 
the  mass  memory  because  it  completely  violates  the  first  performance 
criterion  and,  without  help  in  the  interface  unit,  cannot  satisfy  the  second. 
Accordingly,  only  cross-bar  switch  networks  and  multiport  memory  modules 
are  explored  here. 

Cross-bar  switch  interconnect  schemes  constitute  the  most  adaptable  - 
and  most  complex  - approach  to  configuring  the  MM  data  routing  network. 

A completely  generalized  cross-bar  switch  interconnect  network  is  shown 
in  figure  2 1.  In  this  type  network,  the  following  three  core  elements  are 
employed; 

• f''IU  - port  interlace  unit 

• MIU  - module  interface  unit 

• llIU  - bus  interface  unit. 

The  PIU  provides  the  hardware  interface  to  the  outside  word.  In  a STARAN 
installation,  it  would  contain  the  set  of  line  repeaters  that  have  been  called 
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KijTurf  Z3.  Port  Generalized  Cross- Bar-Switch 
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for  in  futurf  (levelopmt*nts.  The  MIU  supplies  the  equivalent  interface  to  a 
worri  storage  module.  With  MN'OS  memories  it  will  consist  simply  of 
st.Mular d-logic  line  drivers  and  receivi-rs.  The  DIU  contains  the  cross-bar 
switch.  It  forms  th«‘  logic  connection  between  the  various  orthogonal  bus 
lines . 

This  flata  routing  network  is  cajiable  of  satisfying  both  of  the  per- 
formanct-  criteria,  furthermore,  it  is  readily  expanded  since  all  Bill's 
are  identical,  and  additional  buses  can  be  added  without  affecting  the  BIU 
ilesign.  A key  feature  which  makes  this  type  of  network  attractive  in  gen- 
eral traffic  switching  applications,  like  telephone  systems,  is  its  high  de- 
gree of  redundancy  and  path  routing  freedom,  which  collectively  provide 
excellent  fail- soft  characteristics.  It  is,  however,  very  costly  in  terms  of 
total  quantity  of  hardware.  Moreover,  to  capitalize  fully  on  its  adaptability 
and  fail-soft  options  requires  a complex  network  manager. 

Allowing  for  256  lines  in  each  bus,  the  simplest  possible  mechaniza- 
tion of  each  BIU  will  require  86  hex  IC  gate  packs  (128  would  be  needed  if 
only  quads  are  available).  Since  there  are  a total  of  576  BIU's  present  in 
the  network,  a grand  total  of  49,  536  IC's  would  be  needed  just  for  the  BIU's. 
This  includes  no  allowance  for  either  the  PIU's  or  the  MlU's,  nor  for  the 
overhead  control  structure.  It  is,  therefore,  not  an  attractive  alternative 
for  the  mass  memory. 

First-order  simplification  of  the  cross-bar  switch  network  of  figure  23 
can  be  realized  in  two  different  ways.  The  first  is  to  eliminate  the  BIU 
blocks  assigned  uniquely  to  each  PIU.  This  results  in  a network  which 
appears  as  shown  in  figure  24.  Although  less  flexible  than  the  original 


Figure  24.  Port  Bounded  Cross- Bar-Switch 
Data  Routing  Network 
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version  , this  network  is  still  fully  capable  of  satisfying  both  performance 
criteria.  However,  a check  reveals  that  it  still  requires  an  exhorbitant 
amount  of  circuitry.  Specifically,  612  BIU's  are  present,  so  more  than 
44,  032  hex  IC's  would  be  needed.  It  therefore  is  less  attractive  than  the 
generalized  network  due  to  its  loss  in  fail- soft  reconfigurability. 

The  alternate  approach  to  simplifying  the  full  blown  cross-bar  switch 
network  is  to  group  the  word  storage  memory  modules  into  a 4 x 16  array  and 
eliminate  the  large  block  of  BIU's  assigned  to  the  MIU's.  This  process  pro- 
duces the  network  configuration  depicted  in  figure  26.  Review  of  this  design 
shows  that  only  32  BIU's  are  now  present.  So,  the  cross-bar  switch  portion 
of  the  network  would  require  only  2,762  hex  IC  gates.  From  this  standpoint, 
the  design  appears  quite  attractive.  Closer  examination  of  the  configuration 
principles  applied  in  forming  this  network,  however,  reveals  that  it  is  a 
crossbreed  between  cross-bar  switching  and  time- shared  bussing.  It  does 
not  provide  complete,  noninteractive  functional  independence  between  the 
two  ports  if  both  are  active  concurrently.  It,  therefore,  fails  the  first 
performance  criterion. 

Despite  the  inability  of  this  network  to  satisfy  the  port  isolation  re- 
quirement, its  low  mechanization  device  count  will  make  it  an  excellent 
choice  in  situations  where  a limited  degree  of  access  conflict  can  be  tole- 
raterl  or  worked  around.  An  example  of  such  a condition  would  be  where  one 
of  the  MM  ports  interfaces  to  a high-speed  parallel  processor  communica- 
tion channel  while  the  second  ties  into  a low- speed  sequential  processor 
channel.  In  such  cases,  the  degreeof  cycle  stealing  from  the  high-speed  channel 
necessary  to  service  the  low- speed  channel,  or  alternately  the  hold-off  delay 
in  servicing  the  slow  channel,  would  have  negligible  impact  on  throughput 
over  either.  For  purposes  of  this  study,  though,  the  network  must  be  ruled 
out  due  to  Its  failure  to  fully  meet  the  isolation  criterion. 

The  remaining  approach  to  structuring  of  the  mass  memory  storage 
section  is  to  employ  dual- porting  at  the  module  level  in  the  manner  shown 
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in  figure  Z6,  This  scheme  intrinsically  satisfies  the  first  performance 
criterion  but  requires  the  presence  of  port  unique  channel  permutation  net- 
works to  meet  the  second  criterion.  Selection  of  the  proper  design  option 
for  these  permutation  networks  constitutes  a major  tradeoff  concern  in  the 
multiport  module  approach  to  configuring  the  MM  storage  section.  It  is 
these  networks  that  control  the  composite  system's  ability  to  manipulate 
data  among  the  various  storage  modules. 

One  obvious  approach  to  designing  a permutation  network  is,  of 
course,  use  of  a cross-bar  switch  arrangement  like  that  in  figure  25. 

On  a per-port  basis,  some  1,  376  IC's  (minimum)  would  be  required. 
Alternate  networks  capable  of  accomplishing  the  full  N!  permutations  piossible 
among  the  4 word  channels  also  exist.  One  of  the  best  is  the  TORN  (triangular 
data  routing  network)  as  suggested  by  Kautz^^^  and  expounded  on  by  Chen  and 
Frank.  This  type  of  network  appears  as  shown  in  figure  27.  The  logical 
connection  blocks  indicated  here  are  a modified  form  of  cross-bar  switch 
which  provides  programmable  control  of  whether  a crossing  or  bending  mode 
of  lO  throughput  occurs.  It  is  possible  to  implement  the  basic,  unidirectional 
network  shown  with  768  quad  2:1  multiplexer  gate  packs.  Since  permutations 
in  both  directions  must  be  provided,  a complete  mechanization  for  either  MM 
port  would  require  1,  536  IC's,  The  point  of  note  is  that  this  is  only  about 
10%  more  packs  than  were  necessary  with  the  basic  cross-bar  switch.  Since 
the  TDRN  may  require  less  control  gating  support,  no  clear-cut  advantage 
exists  between  it  and  the  CBS  network  on  the  basis  of  part  count. 


(3) 

W.  H.  Kautz,  et  al. ; "A  Cellular  Interconnection  Array",  IEEE  Trans- 
actions On  Computers,  Vol.  C-17,  No.  5;  May  1968. 

(4) 

< J.  Chen  (Norand  Corp.  ) A.  A.  Frank  (U.  of  Wisconsin);  "On  Pro- 
gra;  mable  Data  Routing  Networks  via  Cross-Bar  Switches  for  Multiple 
Element  Computer  Architectures";  Proceedings  of  the  1974  Sagamore 
Computer  Conference  on  Parallel  Processing;  Springer- Verlag,  New  York; 
1975;  pp,  338-369, 
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Figure  27.  Full  Permutation  Capability  Triangular 
Data  Routing  Network 

In  reviewing  the  control  algorithms  that  would  be  necessary  during 
transfers  between  STARAN  and  the  mass  memory,  RADC  personnel  observed 
that  system  software  could  be  simplified  with  little  loss  in  general  utility  if 
the  range  of  permutations  was  restricted  to  the  four  "end-around- shift"  com- 
binations. With  these  four  available,  transactions  involving  less  than  all 
four  STARAN  arrays  would  always  be  interfaced  via  the  lower-most  PIO 
ports.  Specifically, 

4 array  transfers  - via  PIO  ports  0,  1,  2,  and  3 

3 array  transfers  - via  PIO  ports  0,  1,  and  2 

2 array  transfers  - via  PIO  ports  0 and  1 

1 array  transfer  - via  PIO  port  0 

With  this  restriction  imposed,  it  is  possible  to  simplify  the  channel  manipula- 
tion network  still  further. 
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I'lUuri'  ZB  sots  forth  one  arrangement  of  an  end- around- shift  (ordered 
c ombination)  data  translation  network  that  can  be  employed.  This  network 
i.ikcs  only  BIZ  IC's  in  unidirectional  form  and  10Z4  IC's  in  a doubled-up  bidi- 
fi  ition.il  form.  It  thus  constitutes  a savings  of  about  50  percent  compared 
to  the  TURN',  t rom  this  it  is  c oncluded  that,  unless  the  full  range  of  perm- 
utations 1-  truly  needed  in  a specific  installation,  the  simpler  OTN  (data 
translation  lu-twork)  constitutes  the  better  choice  due  to  less  hardware  and 
simpler  software  requirements.  Whichever  is  adopted,  a latching  provi- 
sion should  be  incorporated  to  facilitate  cycle-back  operations  to  be  per- 
formed without  intervention  of  either  a buffer  memory  or  the  device  con- 
nected on  the  far  side  of  the  lO  interface  (in  this  case,  STARAN  PIO). 

Here  the  question  must  be  raised  as  to  the  true  utility  of  incorporating 
a buffer  memory  into  the  MM  data  routing  hierarchy.  This  question  can  be 
answered  by  addressing  the  following: 

What  is  the  purpose  of  the  buffer  memory 
"What  functions  must  it  perform?" 

What  is  its  contribution  to  the  aggregate  system?" 

The  only  characteristic  of  the  MNOS  main  storage  section  devices 
which  might  be  aided  by  the  presence  of  a BM  during  normal  lO  read  or 
write  transactions  rs  the  minimum  data  transfer  rate.  Maximum  flow  rate s of 
under  200  nsec/bit  can  be  maintained  continuously  without  any  kind  of  help. 
.Minimum  rates  with  current  MNOS  device  designs  (which  incorporate 
dynamic  Z phase  lO  data  block  interface  shift  registers)  is  limited  over 
temperature  to  greater  than  Z milliseconds /bit. 

By  way  of  the  cycle-back  capability  specified  for  the  MM  channel  perm- 
utation network,  an  accessed  block  of  data  can  be  recycle  refreshed  indefi- 
nitely. I'his  allows  a data  block  to  be  held  in  an  lO  ready  state  for  whatever 
flelay  time  might  be  necessitated  by  a system  interrupt,  without  intervention 
by  (or  even  existence  of)  a buffer  memory.  Contrarily,  by  making  use  of 
the  BM,  the  M.Vl  storage  device  s could  be  powered  down  during  any  lull 
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Figure  28.  Simple  (End-Around)  Ordered-Combinati 
Data  Translation  Network 

periods  in  lO  transactions.  This  has  significant  impact  on  relis 
dead  times  occur  frequently.  Accordingly,  the  BM  might  be  jus 
these  instances  for  use  as  a low-end  rate  buffer.  Detailed  stud 
projections  will  have  to  be  made  on  usage  duty  factors  of  applic 
grams  to  make  any  final  decision.  This  information  was  not  av 
the  time  of  this  study. 

The  remaining  point  of  consideration  in  evaluating  the  mu 
module  MM  interconnect  scheme  is  the  nature  of  the  storage  me 
face.  Two  extremes  exist.  One,  the  obviously  most  desirable 
from  the  standpoint  of  mechanization  hardware,  is  where  the  M' 
chips  have  been  "groomed"  to  already  possess  dual-port,  bidire 
ing  capabilities.  In  this  case,  no  overhead  support  circuitry  at 
in  the  SMI  (storage  module  interface)  blocks  of  figure  2b.  Since 
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development  plans  do  not  call  for  production  of  this  type  device,  a definite  in- 
vestment in  "LtronminL,'"  mndificatinns  to  the  basic  fi4-kbit  MNOS  memory  IC 
design  wnuld  be  r u • c e s s . i r y to  secure  especially  configured  chips.  No  indica- 
tion exists  that  Ibis  level  of  support  can  be  I'uaranteed. 

If  only  sini'li'  port,  dual-rail  (i.e.,  separate  input  and  output  line) 
memorv  devices  and  corresponding  multichip  storage  modules  are  available, 
svifficient  circuitry  must  exist  in  the  SMI  to  adapt  the  basic  single  port  module 
to  the  dual  port  memory  format.  Figure  29  presents  a function  logic  diagram 
of  the  type  circuitry  configuration  which  might  be  employed  for  this  purpose. 
This  particular  design,  which  may  not  be  completely  optimum  but  is  certainly 
representative,  will  employ  192  IC  gate  packs  in  each  module  interface.  With 
64  modules/memory,  a total  of  12,  288  IC's  would  be  needed  to  form  the  SMI's. 
Adding  the  device  counts  of  the  permutation  (or  translation)  networks  into  this 
yields  a final  figure  of  either  15,  360  IC's  (using  the  TORN)  or  14,  336  IC's 
(using  the  DTN)  for  the  support  circuitry  of  the  port-dualed  approach  to  MM 
storage  section  interconnect  bussing. 

Although  the  quantities  of  support  circuits  are  still  rather  high  ( >90 

percent  overhead  in  support  devices  compared  to  memory  chips),  especially 

when  compared  to  the  port  coordinated  CBS  technique,  anyone  of  the  three 

versions  of  the  multiport-module  data  routing  system  is  a viable  candidate 

/ 

for  adoption  into  subsequent  MM  prototype  dev'elopments.  If  full  permutation  is 
anticipated,  the  TDR  (or  CBS)  approach  should  be  taken.  If  this  can  be  definitely 
eliminated  in  favor  of  a reduced  end-around- shift,  ordered  combination  sub- 
set of  channel  translations,  then  the  best  tradeoff  occurs  by  using  the  DTN 
arrangement.  Table  6 presents  a summary  of  the  relative  merits  of  each 
approach  in  light  of  the  three  prime  per formance -evaluation  criteria. 

The  third  choice  option  is  the  port  coordinated  version  of  the  cross-bar 
switch  technique.  The  reason  for  this  is  that  in  situations  where  cycle  steal- 
ing causes  no  problems,  this  option  provides  the  best  choice.  Any  final 
decision  among  the  three  prime  contenders  will  have  to  be  based  on  further 

7 4 


NU  I 

» * j I'.  . 

C I ^0  iMPlf  M»NT  MQUUl  i H»  A(.t 


PORT  NO  ? 

WORD 

channel  /6  0649V4B 


Figure  29.  Dual-Porting  Storage  Module  Interface 


TABLE  6 

MM  INTERCONNECT  TECHNIQUE  TRADEOFF  SUMMARY 


INTERCONNECT 

EVALUATION  CRITERIA 

TECHNIQUE 

( Isolation! 

( Permutation) 

(Mechanization) 

Time-Shared  Bus 

No 

Not  Directly 

- 

Cross  Baf  Switch 

a Port  Generalized 

Yes 

Yes 

49,536 

ta  Port  Bounded 

Yes 

Yes 

44,032 

c Port  Coordinated 

Time 

Yes 

5,504 

Interleave 

Multiport  Module 

a CBS  Interface 

Yes 

Yes 

15,040 

b,  TORN  Interface 

Yes 

Yes 

15,360 

c.  OTN  Interface 

1 1 

Yes 

. 

Reduced  Set 

14,336 

• DENOTES  PRIME  CANDIDATES 
(1)  Full  capability  li^st  choice 
(21  Reduced  capability  second  choice 
13)  Qualified  capability  third  Choice 

76-0649T-49 
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spccilications  of  tlio  application  environment.  Details  of  the  operating  re- 
cjuiretnents  will  need  to  be  assessed  to  determine  which  constitutes  the  singular 
best  tr.adcoff  in  terms  of  cost  effectiveness, 
f.  i DA  I A MANAf  iKMKNT 

huiirect  memory  addressing  is  the  foundation  upon  which  the  MM  data 
management  scheme  is  built.  By  this  proviso,  a user  device  or  program  is 
not  required  to  keep  track  of  the  absolute  memory  addresses  where  his  par- 
ticular records  are  stored,  nor  what  address  spaces  are  still  available  for 
the  storage  of  new  records.  Incorporation  of  an  intelligent  overhead  data 
management  unit  (DMU)  into  any  MM  mechanization  can  be  anticipated  to  in- 
volve a major  design  effort  in  its  own  right.  Consequently,  full  justification 
by  way  of  an  overriding  need  for  self-contained  "bookkeeping"  provision 
within  the  mass  memory  must  exist  for  any  particular  application  before  such 
a development  is  undertaken. 

Due  to  the  complexity  of  the  design  task,  it  is  not  the  intent  of  the  mass 
memory  organization  study,  and  is  not  the  intent  of  the  present  discussion,  to 
establish  final  data  management  design  requirements;  only  the  general  frame- 
work on  which  a coherent  development  can  be  based.  Bookkeeping,  or  data 
management,  constitutes  a significant  design  concern  having  many  as  yet  un- 
resolved facets. 

Considering  all  aspects  of  the  data  and  file  management  task  necessary 
in  the  mass  memory,  there  are  four  global  philosophies  that  can  be  adopted: 
historical,  reflecting  the  original  record  entry  order;  frequential,  reflecting 
the  most  recent  record  access  order;  spatial,  reflecting  an  available  space 
listing  order;  and  preferential,  reflecting  a pointered  page  listing  order.  Of 
these,  spatial  filing  is  totally  static  in  nature  while  frequential  is  fully  dynamic. 
Historical  and  preferential  lie  between  test  two  extremes  and  exhibit  both 
static  and  dynamic  aspects. 

Of  the  four  basic  approaches  to  record  filing,  historical  and  frequential 
currently  appear  to  possess  the  most  attractive  parameters  for  use  in  the  fast 
search  access  ledgers  of  the  access  control  unit  (as  was  noted  earlier).  Each 


uses  comparatively  simple  and  straightforward  file  entry  and  updating  al- 
gorithms. Functionally,  the  historical  technique  takes  on  the  appearance  of  a 
FIFO  register  stack.  In  contrast,  the  frequential  approach  is  somewhat 
analogous  to  a FIFO  stack.  (Note;  FIFO  = First-in/first-out  and  constitutes 
a push-down-fall-through  operation;  LIFO  = last-in/ first-out  and  constitutes  a 
push-down,  pop-up  operation.)  Either  provides  the  speed  necessary  to  a 
practical  access  ledger,  but  device  count  at  the  final  implementation  level 
counter  indicates  their  use  in  the  DMU. 

A spatial  filing  system  is  conceptually  simple  but  too  inflexible  to  con- 
stitute a truly  viable  alternative  in  either  a parallel  or  sequential  processor 
MM  system.  It  does  not,  therefore,  warrant  further  serious  consideration. 
Preferential  is  the  common  technique  used  in  conventional  computer  pro- 
gramming. Since  presently  it  appears  that  the  most  judicious  manner  of 
mechanizing  the  DMU  is  by  a standard  minicomputer  such  as  a PDPll,  the 
preferential,  pointer  list  approach  is  proposed  for  the  DMU, 

The  general  format  of  airectory  file  entries  foreseen  for  the  DMU  re- 
cord directory  is  as  shown  in  figure  30.  The  contents  of  each  entry  consist  of 
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Figure  30.  Indirect  Memory  Address  Directory  Record  Fields 
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ituli  reel  addressing  file  fliscriptor  information,  the  absolute  address  of  the  first 
(lowest  ordered  word  channel)  data  blockaddress,  the  dimensions  of  the  storage 
space  allocated  to  the  specific  user  file,  and  miscellaneous  management  control 
flags  and  partity  Ints.  The  sizeofthe  entries  inthedata  filedi  rectory  is  therefore 
anticipnte<l  tfi  encompass  on  the  order  of  (A  bits. 

The  minimum  storage  capacity  requirement  for  the  management  direc- 
tories is  found  fnim  consideration  of  the  maximum  number  of  users  anticipated 
and  the  average  number  of  files  each  will  be  allowed.  By  direction  of  RADC, 
to  establisli  tlie  total  capacity  f>f  the  management  memories,  allowance  is  to  be 
made  for  at  least  fvl  users  with  each  having  files.  This  implies  that 

fi‘1  X ~ 16K  record  storage  spaces  must  be  present  in  the  OMU  data  file 

directory.  Hence,  the  size  of  the  DMU  file-record  memory  is  projected  to 
be  at  least  1 6K  entries  x 64  bits/entry  = 1 Mbit.  In  the  case  of  the  resources 
allocation  memory,  the  available  capacity  conceivable  may  have  to  be  > 4 Mbit 
if  it  is  necessary  to  allow  for  totally  arbitrary  data  file  boundaries  (i.  e.  , 1 Gbit  -r 
256  bits  /word) . 

The  addressing  format  employed  in  the  MM  management  unit  is  indirect 
to  a block  of  storage  assigned  to  a user  file  followed  by  postindexing  to  a line 
of  storage  within  the  block,  with  indexing  being  relative  to  the  block  boundary. 
An  illustration  of  the  sequence  of  events  in  this  addressing  sequence  is  shown 
in  figure  31.  By  adopting  this  approach  to  very  large  data  base  addressing,  the 
user  prfjgram  is  relieved  of  the  need  to  keep  track  of  all  the  bits  necessary  to 
absolute  data  location  with  direct  memory  addressing. 

The  organization  of  the  data  management  record  directory  is  projected 
to  be  based  on  fixed  blocks  of  file  address  space  being  assigned  to  each  of  the 
64  users.  The  overriding  reason  for  adopting  this  approach  is  to  minimize 
search  time.  In  particular,  under  the  user-structured  directory  scheme  pro- 
posed, the  maximum  search  time  to  find  the  address  of  any  file  assigned  to  a 
specific  user  would  bo  r = 1 user  x 256  files /user  x 200  nsec/file  scanned  ^51.2 
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Figure  31.  MM  Indirect, Block-Relative,  Post-Indexed  Addressing 

microseconds.  Alternately,  if  a completely  random  ordering  of  any  given 
user's  file  addresses  is  instituted,  the  total  search  time  could  extend  to  r' 

= 64  users  x 256  files/ user  x 200  nsec/ file  scanned  3.  28  milliseconds. 

From  figure  32,  note  that  the  total  access  time  for  each  storage  mode 
operation  entails  not  only  the  direct  access  time  of  the  memory  chips,  but  also 
considerable  overhead  time.  In  all,  five  distinctly  identifiable  units  of  time 
are  involved  in  getting  the  first  line  of  a file  set  up  at  the  lO  port  ready  for 
transfer.  The  management  search  time  cited  above  constitutes  the  first  incre- 
ment (t‘).  Obviously,  if  the  goal  is  to  achieve  an  average  access  time  of 
50  /isec,  a maximum  of  several  milliseconds  cannot  be  tolerated  in  the  DMU. 

Following  the  overhead  DMU  time,  approximately  5 /isec  is  allotted  to 
local  storage  supervisory  functions  in  retrieving  succeeding  block  pointers 
for  the  accessed  file  from  their  local  listing.  A maximum  of  2 nsec  is  then 
allowed  for  activating  the  plane  of  memory  chips  containing  the  block  that  has 
been  addressed.  Finally,  3 nsec  is  set  as  the  limit  on  delay  in  getting  the 
first  line  of  data  off  the  block  and  to  the  output  of  the  plane.  At  this  point 
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another  variable  time  period  occurs:  namely,  that  associated  with 

indexing  to  a starting  line  position  other  than  the  first  in  a storage 
block,  l iacb  line  of  offset  adds  an  increment  of  300  nsec  in  the  form  of  an 
aval lalii lity  rlelav.  Neglecting  this  period,  the  "average"  access  time  should 
be  less  than  25  t 3 t 2 + 5 = 35  psec. 

The  allocation  and  control  algorithms  in  the  data  management  facilities 
must  specifically  address  the  problem  of  preventing  unavailable  space  from 
accumulating.  However,  when  the  available  space  remaining  becomes  small, 
it  may  not  be  properly  positioned  in  the  various  word  channels  to  permit 
a specific  data  file  to  be  entered.  In  those  instances,  human  intervention  or 
the  application  of  external  software  programs  via  either  the  system  test  stand 
console  (if  this  facility  is  included  in  the  installation)  or  an  optional  tie-in  to 
the  DMU  from  the  STARAN  UNIBUS.  This  will  facilitate  user  tailorable 
"shuffle"  and  "compress"  operations  to  be  performed  on  the  storage  space 
allocations  to  reorder  the  available  space  so  as  to  fit  in  the  desired  data  file. 

3.  3.  1 Access  Functions 

There  is  virtually  an  infinite  variety  of  ways  in  which  instructions  could 
be  sent  to  the  MM.  As  observed  before,  it  is  therefore  not  the  intent  of  the 
present  discussion  to  describe  a set  of  final  system  specifications.  Rather, 
it  is  to  set  forth  a consistent  approach  to  the  handling  of  access  commands  via 
the  lines  present  at  the  STARAN  DMA  port.  The  points  of  concern  here  are 
the  schemes  whereby  command,  control,  and  selection  information  is  trans- 
ferred between  STARAN  (or  other  user  device)  and  the  mass  memory  manage- 
ment sections.  To  maximi/,e  speed  of  operation,  the  condition  is  imposed  that 
all  Iranslers  over  the  DMA  cbniini'l  should  (if  possible)  be  completed  in  one 
machine  cycle.  Although  in  the  final  analysis  this  stipulation  may  not  be 
mandatory,  it  does  for  the  present  supply  a working  hypothesis  on  which  or- 
ganizational developments  can  be  based. 
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Four  distinct  bits  of  information  must  be  supplied  to  the  memory  in 
each  access  request:  device  select  code,  op  code,  address  mode,  and  address. 
Since  there  is  no  separate  "device  select"  bus  provided  from  STARAN,  the 
device  seli-ction  function  is  accomplished  by  Cf>mbinin^  the  device  selection 
task  with  the  op  code  and  conveyinc;  this  information  over  the  least  significant 
hexadecimal  address  of  the  DMA  address  channel  (which  has  been  allocated 
for  the  mass  memory).  Use  of  the  DMA  address  channel  in  this  manner  is  what 
makes  the  MM  control  memory  effectively  appear  to  STARAN  as  an  extension 
>if  AP  control  memory.  Utilization  of  the  address  lines  in  this  manner  to  trans- 
mit the  requisite  storage  mode  op  code  leaves  the  fall  32  DMA  da^a  lines  for 
conveying  the  specific  file  location  addressing  information. 

The  single  hex  address  (four  binary  digits)  allows  up  to  16  storage  mode 
op  codes  to  be  specified.  At  present,  consideration  is  made  for  use  of  14  of 
these:  12  denoting  direct  memory  reference  instructions  and  two  calling  for 

nonmemory  reference  instructions.  One  of  these  serves  as  a common  call 
for  a series  of  nonmemory  reference  operations  that  are  brought  into  play  by 
extending  the  effective  number  of  op  codes  through  the  use  of  the  lowest 
ordered  two  hex  digits  (eight  least  significant  binary  digits)  of  the  DM.A  data 
bus.  Table  7 lists  the  storage  mode  access  instructions  that  are  presently 
foreseen.  The  adjunct  extension  op  codes  for  nonmemory  reference  opera- 
tions are  itemized  in  table  8. 

A point  of  note  here  is  that,  as  stated  previously,  storage  mode  access 
requests  are  signified  by  the  state  of  the  write/read  line  out  of  the  DMA  port: 
a low  denotes  Read,  which  is  interpreted  as  a "memory  reference"  storage 
mode  operation:  and  a high  denotes  Write,  which  is  interpreted  as  "nonmemory 
reference"  status  readout  operation.  Accordingly,  an  equivalent  set  of  16  con- 
trol memory  rea<lout  instructions  are  available.  Consideration  of  the  possible 
orm  of  this  set  is  not  made  at  this  time  since  it  necessarily  depends  on  the 
detailed  design  structure  of  the  MM  controller.  The  instructions  will,  how- 
ever, inclufle  those  necessary  to  monitor  all  normal  system  activity. 
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M««  C<Ht« 

No 

F unction  N«>n<* 

E«ecut  ion /Termination  Characteristics 

0 

0 

0 

F 

(151 

CLF  AR  MEMORY 

Executed  AutornaticaKy  Without  PlO  Interaction 

0 

0 

0 

E 

(14) 

CLEAR  ALL  FILES 

Executed  Automatically  Without  PtO  Interaction 

0 

0 

0 

D 

(13) 

CLEAR  file 

Executed  Automatically  Without  PlO  Interaction 

0 

0 

0 

c 

(12) 

DUMP  FILE 

taken  to  Completion  on  In-Procces  File 

0 

0 

0 

B 

(11) 

DUMP  ALL  FILES 

Taken  to  Completion  on  In-Process  File 

0 

0 

0 

A 

(10) 

DUMP  MEMORY 

Taken  to  Completion  on  in-Procets  File 

0 

0 

0 

9 

(9) 

READ  MEMORY 

Execution  Stops  at  Point  of  Termination 

0 

0 

0 

8 

(8) 

READ  ALL  FILES 

Execution  Stops  at  Point  of  Termination 

0 

0 

0 

7 

(7) 

READ  FILE 

Execution  Stops  at  Point  of  Termination 

0 

0 

0 

6 

(6) 

SWAP  FILE 

Execution  Stops  but  Housekeeping  Completed 

0 

0 

0 

b 

(51 

MODIFY  FILL 

Execution  Stops  but  Housekeeping  Completed 

0 

0 

0 

4 

(4) 

WRITE  FILE 

Execution  Stops  but  Housekeepir>g  Completed 

0 

0 

0 

3 

(3) 

(Spare) 

(No  Op) 

0 

0 

0 

2 

(2) 

- (Spare) 

(No  Op)  - 

0 

0 

0 

1 

(11 

ACCESS  terminate 

Institutes  Instruction  CloseOut  & Relinquishes  PlO  Control 

0 

0 

0 

0 

(Oi 

STATUS  MODIFY 

(See  Extended  Op-Code  Table) 
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TABLE  8 

DMA  DATA  CHANNEI  STATUS  MODIFY  EXTENDED  STORAGE 

MODE  Ol’  CODE  TABLE 


r~ 

U'l 

'•1* 

L<Klf 

_1 

No 

1 uttc  iKMi  N»mr  I 

E aecutrun  E Met.  t 

■ 

• 

■ 

• 

toi 

OI  f LINF  STATUS  A0ORT  1 

Rpsett  »H  Acc«i«  A Conirol  Functior>i  to  NuM  State 

1 ■ 

• 

■ 

t 

0 

1 I 

(t 

HL  t INCREMENT  REPE  AT  ' 

Advances  UM<  Flit  Numbt'  by  (3n«  A Rr  Enacutas  atast  tr^struction 

■ 

■ 

1 

f) 

? 

(31 

BIOCK  INCREMENT  CONTINUE  1 

Ships  Abaaci  Ona  Block  in  Currant  File  M«tt>out  PlO  Intaractiorr 

■ 

• 

0 

» 

1 

« 1 

i;» 

tNSTHUCTtON  lNlTlALI2f  ni  Pf  AT  | 

He  EKtCuim  Latest  Access  Instiucfior*  m its  1 nt-tety 

■ 

0 

1 

I 

& 

i (lb) 

(S<'««e)  1 

(Nona) 

0 

1 

1 

1 

1 

i (31) 

OfF  1 INE  INSTRUCTION  SUSPEND 

Haiirujuishes  PIU  Cor^troi  but  Maintains  Accaw  Status 

I 

0 

fl 

a 

• 

: 1321  1 

ON  1 INF  INSTHUCTION  HfS  JMF 

Hesurnes  Control  o<  PlO  With  Prior  Steiuh  Rt  Establishaci 

1 « 

1 

0 

t 

■ 

• I 

(481 

(S(>a<f)  1 

(Nona) 

1 1 

t 

1 

0 

■ 

■ 

1 ''>61 

INSTRUCTION  UtCRfcMFNT  MEPFAT 

He  F aecutps  Instruction  Batora  Laar  m its  I ntirety 

I 

t 

I 

? 

0 

180) 

Block  DECREMENT  CONTINUE 

Slaps  Bark  Ona  Bloch  m Currant  Fita  Without  PlO  IntsKtction 

I 

1 

s 

1 

1 

0 1 

(62  i 

Fil  E OFCRFMFNT  REPFAT 

Reiarcti  ijsar  File  Number  by  Ona  A Ha  ENacutes  Le*aet  Inttrucrion 

’ 1 

s 

1 

I 

I 

’ J 

i (631 

ON  LINf  ST  ATuS  TERMINATE 

Terrnir\atas  Latasr  Accau  Without  RaiioQuiahirse  PlO  Co**  u 
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readout  storai’c  parity  error  counters,  and  monitor  progress  of  RIT  (built- 
in-test)  functional  sequences.  Also  included  must  be  commands  to  search 


and  output  all  of  the  various  data  management  memory  entries  (such  as  avail- 
;ibl<'  s1orag<-  Hjiaces,  comi>lete  listing  of  all  files  held,  and  listing  of  all  files 
ol  a specific  user).  These  instructions  can  be  executed  concurrently  with 
PIO  sequences  with  no  interference. 

Figures  33  and  34  illustrate  the  suggested  DMA  data  channel  encoding 
format  for  specifying  the  file  addressing  information  related  to  the  various 
storage  mode  op  codes.  As  seen  here,  the  32  bit  (eight  hex  digit)  storage 
access  address  is  broken  into  two  16  bit  fields.  The  upper  16  bits  specify 
the  indirect  address  of  the  file  or  block  of  files  being  referenced.  The  lower 
16  bits  specify  file  handling  mode  directions  and/or  the  postindexing  offset 
to  be  applied  to  get  the  effective  memory  starting -line  address. 

3.  3.  2 Instruction  Repertoire 

In  most  cases,  the  stipulated  op  codes  and  related  instructions  are 
St raightforward  and  largely  self-explanatory.  Points  of  note  with  regard  to 
terminology  are  the  following: 

• Clea r means  total  purging  of  a data  unit  from  both  the  data  storage  and 
management  directory  memories  without  outputting  the  stored  data. 

• Dump  means  purging  of  a data  unit  from  both  the  data  storage  and 
management  directory  memories  after  outputting  the  stored  data. 

• File  operations  involve  a single  file  of  a specific  user. 

• .Swap  specifies  a combined  read-write  operation  in  which  prior  file  data 
is  readout,  cleared,  and  replaced  by  new  input  data  on  a line-by-line 
basis. 

• Modiiy  specifies  a type  of  overwrite  operation  where  prior  file  data  is 
cleared  on  a line-by-line  basis  and  repl.aced  by  new  input  data. 

• .'Ml  File  operations  involve  all  files  of  only  the  specific  user. 

• Memory  operations  involve  all  files  of  all  users, 

• Appendix  flagging  of  a write  request  signals  that  the  user  wants  to  have 
all  remaining  space  in  memory  comnaitted  to  his  next  entry. 
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THIS  INSTRUCTION  APPLICABLE  TO  OP  CODE  (01 


• NOTE  SEE  OPERATOR  CODE  EXTENSION  TABLE  FOR  AN 

EXPLANATION  OF  MULTIPLE  USES  OF  THIS  INSTRUCTION 

/6  0520  VA  IB 

Figure  34.  Nonmemory  Reference  Instruction  Format 

• (MIhi'I  Mode  I ar  1 1 it. lies  ■ i f Cse  1 1 i lU’,  within  .nn  overai/.L-d  .njipendix  filf'  hy 
' s I iMi.i  1 1 i nr.  will  tlwr  (hr  iillsri  ronnl  iR  hv  lino  or  by  liloek. 

All  instructions  a rr  .assumed  to  be  executed  from  the  starting  location  desij^- 

nated  to  the  end  of  the  specified  (or  in-process)  file  only.  End-around  exe- 

cution-conti  nues,  back  at  either  the  start  of  a file  or  the  starting  location, do 

not  occur  for  sequencing  overruns.  If  the  memory  is  in  the  write  mode,  input 

data  will  be  ignored  during  an  overrun.  If  it  is  in  the  read  mode,  all  zeroes 

output  data  will  be  supplied;  so  long  as  PIO  "Function  Continue"  pulses  are 

rcce ivcd . 

Under  the  control  sequence  postLilated  here,  access  to  the  MM  will  be 
terminated  to  its  normal  off-line  PIO  control  relinquished  null  state  by  a 
n.MA  Address  Present  signal  transmitted  with  the  address  selection  code  of  a 
different  device  anytime  after  all  required  instruction  operating  sequences 
have  been  completerl  (i.e.,  anytime  after  passing  into  an  overrun  condition). 
This  is  not  true  if  still  in  an  underrun  state.  In  this  case  it  is  necessary  to 
supply  a definitive  terminate  command  (specifically  in  tlie  form  of  op  code  (1)). 
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The  only  difference  between  the  Swap  and  Modify  instructions  is  that  for 
a file  modification  sequence  the  PIO  output  line  (inputs  to  STARAN)  are  not 
active.  Instead,  input  data  is  merely  used  to  replace  former  file  data. 

Observe  that  this  arrangement  also  facilitates  erasing  (or  clearing)  selected 
words,  lines,  or  blocks  in  a file  by  supplying  all  zeroes  as  the  replacement 
data. 

Control  of  PIO  functions  is  relinquished  upon  receiving  a "Suspend” 
command,  but  all  internal  instructions  and  in-process  management  functions  are 
maintained  in  the  current  status.  Subsequent  receipts  of  the  "Resume"  com- 
mand causes  control  of  PIO  functions  to  be  re-assumed  with  all  conditions  re- 
established as  they  were  before  being  interrupted.  If,  however,  any  command 
other  than  Resume  is  received  while  in  the  Suspend  state,  off-line  holding 
operations  related  to  the  Suspend  function  will  all  be  terminated.  On-Line 
Terminate  accomplishes  basically  the  same  thing  as  Access  Terminate, 
except  that  PIO  control  is  not  relinquished. 

Although  not  included  in  the  proposed  op  code  listing,  an  additional  operation 
which  might  be  inserted  in  one  of  the  spare  code  slots  is  a read  prior  /write  new 
conamand.  This  operating  mode  conceivably  could  be  used  to  duplicate  an 
important  data  file  with  or  without  modification.  The  duplicate  file  would, 
of  course,  have  to  be  assigned  an  unused  name  (i.e.,  code  number)  to  avoid 
rejection  of  the  command  by  the  data  management  unit  (which  checks  to  ensure 
that  a new  file  is  never  assigned  the  same  "name"  as  a currently  held  file). 

Note  that  the  Clear  Memory  comn  and  will  be  overriden  and  inter- 
preted instead  as  a Clear  All  Files  command  if  the  user  code  applied  in  the 
instruction  field  is  not  authorized  to  clear  the  memory.  Similarly,  the  In- 
struction Decrement  Command  will  be  overriden  and  interpreted  as  an 
Instruction  Initialize  command  if  the  prior  instruction  was  not  executed  on  a 
file  assigned  to  the  present  user.  This  provides  a limited  degree  of  protec- 
tion against  unauthorized  (or  at  least  unintentional)  file  openings.  The  same 
observation  applies  to  the  File  Increment  and  Decrement  commands.  If  the 
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file  selected  at  the  time  these  commands  are  entered  is  either  #00  (for 
Decrement)  or  (for  Increment),  the  command  will  simply  be  interpreted 

onain  as  the  Instruction  Initialize  command. 

Checks  performed  by  the  data  mana>»cmcnt  facilities  to  validate  authori- 
zation of  a user  to  issue  a Clear  Niemory  command  may  be  provided  for  either 
in  firmware  or  software.  If  only  a predetermined  group  of  users  will  ever  be 
so  authorized,  it  coui  ; prove  advantageous  to  make  the  check  a hardware 
function.  On  the  other  hand,  if  the  authorized  user  list  is  likely  to  be  changed 
at  frequent  intervals,  it  should  be  made  a software  alterable  function.  This 
will  ultimately  have  to  be  decided  by  mutual  agreement  between  RADC  and 
the  contractor  following  further  analysis. 
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4.  R R LI  A BI  l.I  TY  EVA LU A TION 


A areat  many  factors  bear  on  the  aggre«;ate  reliability  of  a fully  de- 
ployed MNOS  Mass  Memory  system.  Table  9 provides  a summary  listing  of 
the  main  items  which  ultimately  must  be  addressed.  Error  rates  (item  VI) 
in  an  MNOS  memory  system,  as  with  any  high  density  storage  technology, 
are  affected  primarily  by  the  S/N  ratio  of  the  cell  level  detection  mechanism. 

Quantitative  measurements  of  error  rate  levels  generally  presents  a 
problem  in  that,  without  extensive  field  experience  and  feedback,  this  type  of 
error  is  difficult  to  separate  from  and  is  frequently  masked  by  equipment 
failure.  With  only  one  MNOS  memory  system  presently  in  field  service  - 
namely,  the  BORAM  module  delivered  under  joint  Army /Navy  sponsorship  - 
extensive  error  rate  test  data  is  not  available. 

Applicability  comparisons  of  error  rate  experience  with  qualitative 

projections  derived  from  intrinsic  device  parameters  have,  however,  been 

made  by  J.  E,  Brewer  of  Westinghouse.  The  results  of  his  findings  are 

summarized  in  the  graph  of  figure  35.  This  information  reflects  extensive 

survey  data  and,  to  the  highest  degree  possible,  depicts  the  present  state  of 

the  art  in  the  various  digital  device  areas  cited.  Here  it  is  seen  that  the  anticipated 

MNO.S  memory  or  ro  r rates  for  a 16  Mbit  capacity  system  lie  in  the  range  of  10”^^ 
- 14 

to  10  errors-per-bit  processed,  or  roughly  the  same  as  the  best  available 
experience  data  indicates  is  secured  wholly  within  a computer  CPU. 

The  distinction  between  "soft"  and  "hard"  error  rates  in  the 
case  of  rotating  memories  pertains  to  the  difference  between  recoverable 
(possible  through  rereading)  and  unrecoverable  errors.  Note  that  a "hard" 

(or  unrecoverable)  error  may  or  may  not  be  detectable  and  may,  although 
not  necessarily,  signal  a permanent  storage  medium  failure.  A "fuzzy  set" 
type  boundary  thus  exists  between  failures  and  errors  at  this  point.  For  our 
purposes,  all  such  conditions  will  be  considered  failures. 
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TABLE  9 


I# 


«■  MM  RELIABILITY/MAINTAINABILITY  ASSESSMENT  FACTORS 


I. 

Device  Level  Considerations 

A.  Failure  Rate  Schedules 

B.  Operating;  Environment 

C.  Qualification  Screening 

u. 

Module  Level  Considerations 

A.  Simplex  vs  Redundant  Structures 

B.  Error  Correction  Techniques 

C.  Dormancy  Characteristics 

m. 

System  Level  Considerations 

A.  Modular  Redundancy  Effects 

B.  Support  Circuitry  Overhead 

C.  Interface  & Power  Requirements 

IV. 

Reconfigurabiliy  h Fail-Soft  Provisions 

A.  Switchable  Spares  Techniques 

B.  Shrinking  Memory  Techniques 

C.  Implementation  Hardware 

V. 

Diagnostic  & Testing  Facilities 

A.  Hardware  vs  Software 

B.  Built-In  vs  Externally  Exercised 

C.  Types  of  Routines  Necessary 

VI. 

Error  Rate  Projections 

A.  Predictability 

B.  Detectability 

C.  Recoverability 

VII. 

Availability  Time  Forecasts 

A.  Mission  Specifications 

B.  Operational  Requirements 

C.  Location  Accessibility 
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4.  I MODKLIN'’.  APPROACH 


The  maas  memory  reliability  requirements  are  sufficiently  complex 
that  mathematical  modeling  must  be  used  to  determine  the  aggregate  impact 
of  alternate  designs.  The  authoritatively  recognized  tools  in  the  investigation 
are  the  analytical  models  defined  by  MIL-HDBK-217B.  The  statistical  data 
base  on  which  this  handbook  is  founded  represents  product  performance 
achieved  several  years  before  the  models  were  issued.  It  is  therefore  anti- 
cipated that  predictions  resulting  from  this  approach  will  be  somewhat  con- 
servative. 

At  the  device  level,  the  critical  item  in  the  memory  system  model  is 

the  memory  chip.  Section  2.  1.4  of  HDBK-217B  treats  monolithic  forms  of 

bipolar  and  MOS  memories.  MNOS  in  this  context  is  considered  to  be  a 

member  of  the  generic  MOS  class.  The  mathematical  reliability  model  for 

a memory  chip  is  a series  of  equations  built  up  from  the  six  basic  terms: 

IT  , IT  , C , IT  , C and  tt  . The  first  two  terms,  *■  and  "•  reflect  the 

LiW 

status  of  the  part  as  procured  for  a given  application.  The  next  two,  and 
TT^,  reflect  accelerations  of  the  part  failure  rate  by  temperature  and  environ- 
mental stresses.  The  final  two,  C and  ^ , reflect  the  environment  and 

IL  £ 

temperature  related  impacts  on  part  failure  rate  which  vary  with  chip  complex- 
ity. Appendix  C contains  a tabular  listing  of  these  terms,  along  with  their 
respective  mathematical  relationships.  Also  included  there  is  a complete 
listing  of  the  alternate  values  which  are  assigned  to  ir  , w and  » to  reflect 
the  relative  harshness  of  the  system  operating  environment  (e.  g. , ground  be- 
nign, ground  fixed,  airborne  inhabited,  etc.). 

The  fundamental  "starting  point"  equation  in  which  these  six  terms  are  em- 
ployed is 


= tt. 


”q"'e' 


TT.r.'C.„) 

T T' 
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which  denotes  the  effective  "failure  rate"  that  can  be  expected  from  the  given 
part  under  the  constraints  of  a particular  set  of  production  and  application 
conditions.  Although  calculation  of  chip  failure  rates  using  this  relationship 
is  relatively  straightforward  "<:f)okbook"  procedure,  preparation  of  refer- 
ence failure  rate  tables  for  alternate  chip  sizes  when  operating  under  the 
range  of  conditions  covered  by  HDBK-217B  can  be  quite  tedious. 

To  relieve  some  of  the  tedium  and  facilitate  the  generation  of  a sample  set 
of  tables,  an  equation  solution  program  (see  Appendix  C)  was  writtenand  used  on 
an  HP-2  5 calculator . No  claim  is  made  with  regard  to  the  efficiency  or  optimi- 
zation of  this  program.  All  that  can  be  said  for  it  is  that  it  was  set  up 
quickly,  and  it  works.  Using  it,  a group  of  tables  (included  for  reference  in 
Appendix  C)  was  generated  to  reveal  the  effects  of  temperature  on  failure 
rate  for  memory  chips  in  the  1 Kbit  to  512  Kbit  size  range  under  a repre- 
sentative sample  set  of  application  conditions.  The  conditions  specifically 
addressed  include  the  following: 

• Ground  Benign  Environment 

a.  mature  device  in  production  >6  months  with  procurement  to 
MIL-M-38510,  class  B. 

b.  new  device  in  production<6  months  with  procurement  to 
MlL-STD-883,  class  B. 

• Ground  Fixed  Environment 

(same  as  a) 

• Airborne  Inhabited  Environment 

(same  as  a) 

Availability  of  this  tabular  data  will  expedite  the  algebraic  processes  involved 
in  the  mass  memory  reliability  analyses. 

A point  of  note  here  is  that  failure  rates  derived  from  the  calculator 
program  as  written  are  expressed  in  terms  of  failures  per  10*^  hours  rather 
than  failures  per  10^  hours  as  in  conventional  in  MIL-HDBK-21 7B.  This 
fact  is  reflected  in  the  values  listed  in  the  referenced  tables,  but  conversion 
of  specific  failure  rates  to  be  in  terms  of  10^  hours  merely  involves  dividing 
the  given  values  by  10^. 
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The  MOS  and  bipolar  models  of  HDBK-217B  differ  in  the  form  of  the 

IT  factor.  Detailed  attention  is  here  directed  exclusively  toward  MOS  clas- 
T 

sificd  memory  devices.  Part  failure  rates  for  all  system  logic  devices  are 
approximated  on  the  basis  of  generic  type,  qualification  level,  environ- 
ment, and  functional  complexity  according  to  the  estimation  tables  in  Section 
3 of  HDBK-217B.  It  is  assumed  that  standard  or  low  power  Schottky  TTL 
devices  are  used  exclusively  within  the  memory  module,  except  in  the  various 
memory  areas  which  will  be  noted.  With  the  circuit  complexity  estimated 
to  be  between  20  and  50  gates,  on  the  average,  with  all  devices  in  mature 
production  and  screened  to  MI1--M-38510,  level  B,  the  TTL  device  failures 
will  be  on  the  order  of  0.  02  failures/lO^  hours  in  a ground  benign  environ- 
ment and  0,  06  failures/lO^  hours  if  it  is  ground  fixed.  To  match  STARAN 
interface  busing  requirements,  logic  devices  in  the  MM  interface  unit  are 
assumed  to  be  simple  ECL  types  with  a circuit  complexity  of  less  than  20 
gates  per  1C.  Their  failure  rates  are  accordingly  taken  as  approximately 
0.01  and  0.05  failures/10^  hrs,  respectively,  in  ground  benign  and  fixed 
environments . 

To  use  the  mathematical  model,  it  is  necessary  to  make  certain 
assumptions  regarding  the  thermal  environment.  Since  the  intended  usage 
for  the  MM  is  as  a backing  store  for  STARAN,  that  type  of  installation  is 
assumed.  The  facilities  in  which  the  STARAN  based  AAP  computer  complex 
is  housed  at  RADC  fit  into  the  classification  of  an  engineering  laboratory  or 
ground  benign  environment.  The  external  conditions  to  which  the  system 
is  subjected  are  highly  controlled  with  temperatures  typically  20  ±5®C  and 
relative  humidity  maintained  at  about  50  ± 10%.  Furthermore,  the  equip- 
ment is  serviced  only  by  skilled  technicians. 

The  class  of  construction  considered  for  the  mass  memory  is  based  on 
the  use  of  standard  19-inch  card  rack  cabinets,  with  forced-air  ventilation 
used  throughout.  All  devices  are  m.ounted  in  ceramic  or  kovar  DIL  (dual- 
in-line)  packages  of  24  pins  or  less.  Groups  of  device  DIL's  are  plugged 
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into  PC  boards,  which  in  turn  become  part  of  a roll-out  drawer  assembly. 

An  example  of  a drawer  of  this  type  which  is  commercially  available  from 
Augat  is  presented  in  figure  36.  Three  purposes  are  served  by  adopting 
this  packaging  technique.  First,  it  minimizes  initial  memory  construction 
costs.  Second,  it  enhances  the  maintainability  of  the  system  (all  parts  and 
circuit  boards  are  readily  accessible).  Third,  it  facilitates  good  thermal 
management  of  the  internal  cabinet  environment.  With  proper  ducting,  the 
worst  case  hot  spot  ambient  to  which  any  device  internal  to  a cabinet  is  sub- 
jected should  be  less  than  15*C  above  the  external  temperature. 

At  the  device  level,  use  of  ceramic  or  kovar  DIL's  means  that  the 
thermal  resistance  from  device  junctions  to  the  surrounding  environment 
(not  just  to  the  case)  is  on  the  order  of  0.  05“C/mW  for  22  or  24  pin  packages 
and  about  0.06“C/mW  for  14,  16,  or  18  pin  packs.  In  the  nonvolatile  main 
storage  section  of  the  MM  system,  the  power  dissipation  of  the  MNOS  chips 
under  consideration  is  typically  less  than  200  mW,  so  a rise  of  less  than 
200  X 0.05  = 10*C  is  anticipated  from  junction  to  cabinet  ambient.  Supporting 


Figure  36.  Augat  Drawer  Assembly 
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TTL  logic  devices  can  be  expected  to  have  about  300  mW  or  less  dissipation 
on  the  average,  so  their  junction-to-ambient  rise  will  be  about  300  x 0.  06  = 
18®C.  Figure  37  describes  the  interrelated  implications  of  the  thermal 
management  constraints  which  should  be  readily  achievable  with  the  type  of 
packaging  suggested. 

For  purposes  of  the  reliability  projections  in  this  report,  the  external 
environment  will  be  taken  as  being  at  its  upper  limit  of  25®C.  Furthermore, 
all  IC's  (both  logic  and  memory  types)  will  be  assumed  to  operate  at  a junc- 
tion temperature  of  50*C  when  active.  This  assumption  is  admittedly  con- 
servative, but  it  provides  a working  baseline  from  which  to  make  com- 
parisons. Moreover,  it  is  consistent  with  both  the  presently  incomplete 
knowledge  of  the  final  system  physical  configuration  and  prescribed  practices 
set  forth  in  MIL-HDBK-217B  for  such  situations.  Clearly,  control  of  the 
thermal  environment  is  an  important  parameter.  It  forms  a design  option 
which  can  be  massaged  to  improve  overall  system  reliability. 

An  implicit  assumption  of  MIL-HDBK-217B  is  that  component  failure 
rates  are  constant  (i.e.,  that  failures  occur  according  to  an  exponential 
time  distribution  law).  The  failure  rate  established  by  the  handbook  model 
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Figure  37.  Thermal  Management  Constraints 
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represents  what  is  known  as  the  "active"  failure  rate.  Active  implies  that 
the  device  has  power  applied.  Contrastingly,  when  power  is  removed  from 
the  device  it  is  considered  to  be  "dormant"  and  exhibits  a much  lower  failure 
rate.  In  particular,  recent  findings^  indicate  that  real  life  dormant  state 
failure  rates,  while  not  zero,  are  typically  less  than  l/5th  of  the  active  rate 
(for  M1L-M-38S10,  level  B qualified  devices)  with  the  junction  having  no 
delta  relative  to  the  prevailing  environmental  temperature  during  powered 
down  periods.  The  less  well  qualified  the  device  is,  the  greater  the  dif- 
ference will  be.  Since  the  active  junction  temperature  is  being  taken  as  25°C 
higher  than  when  it  is  powered  down,  the  effective  dormant  failure  rate  is 
found  to  be  typically  less  than  l/EOth  of  the  active  rate. 

Dormancy  failure  rates  are  applicable  in  two  ways  to  the  analysis  of 
memory  devices.  First,  for  application  in  the  RADC  STARAN  facilities,  it 
can  be  anticipated  that,  out  of  any  single  year  of  operation,  the  system  will 
actually  be  actively  in  use  no  more  than  40  percent  of  the  time  out  of  any 
given  year  of  operation.  Note  that  this  corresponds  to  the  system  being 
used  an  average  of  better  than  9.  6 hr/day,  7 days  a week.  Thus,  for  at 
least  60  percent  of  the  mission  the  entire  memory  could  be  powered  down 
and  enjoy  a dormant  state  failure  rate  - regardless  of  whether  volatile  logic 
or  nonvolatile  memory  devices  are  being  considered.  Consultation  with 
RADC  reliability  personnel  has  indicated,  though,  that  to  maintain  a con- 
sistently conservative  baseline  for  reliability  comparisons, the  system  as  a 
whole  should  be  considered  to  have  power  applied  100  percent  of  the  time; 
with  the  activity  factor  applied  only  to  those  devices  which  are  intrinsically 
nonvolatile  and  their  immediately  surrounding  interface  circuits  (i.e.,  only 
to  those  devices  wholly  within  the  storage  section).  Second,  for  the  nonvolatile 
memory  chips  it  is  only  necessary  to  apply  power  to  those  chips  which,  during 
burst  periods,  are  actively  engaged  in  l/O  operations.  Hence,  most  of  the 

Bauer,  et.  al. , (Martin-Marietta  Aerospace);  "Dormancy  and 
Power-Off  Cycling  Effects  on  Electronic  Equipment";  AD768-619;  August 
1973. 
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storage  section  remains  powered  down  even  during  the  40  percent  of  the 
mission  that  the  system  is  operating.  The  dormant  failure  rate,  of  course, 
continues  to  apply  to  all  devices  still  having  electrical  stresses  removed. 

The  fractionalized  reference  equation  which  illustrates  the  mathe- 
matical means  by  which  dormant  periods  are  introduced  into  the  system  life- 
% 

cycle  is  given  in  MIL -H DBK -Z 1 7B  (Appendix  A,  section  30,  item  C,  para- 
graph 2).  For  ease  of  algebraic  manipulation,  it  is  convenient  to  combine 
terms  in  this  relationship.  This  process  yields  the  basic  reliability  equation 
which  has  been  applied  in  the  analyses  conducted  during  this  study.  The  form 
of  this  equation  is 


R = , 

where  N = total  device  count 
X = active  failure  rate 
t = total  mission  time 

and  "D"  is  defined  as  a dormancy  improvement  factor  given  by 
^X 


(Eq.  4-1) 


(Eq.  4-2) 


The  terms  employed  in  this  relationship  are  in  turn  defined  as  follows: 

^active dormant 

K = N /N  (during  t ) 

N total  active  ° active 

K = t . . /t  (reciprocal  of  duty  factor) 

t mission  active 

A summary  listing  of  the  terms  in  both  equations  is  presented  in  table  10. 
Points  to  note  with  regard  to  the  dormancy  factor  (D)  are; 

• all  "E/'  terms  must  satisfy  the  inequality  l^K.  < °° 

• as  the  Kjsj  • product  becomes  >>  the  value  of  D approaches 

its  upper  limit  of  D <_  . 

Confirmation  of  the  derivation  accuracy  of  the  above  relationships  can  be 
secured  by  comparison  of  the  starting  point  equation  cited  in  MIL-HDBK-217B. 
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taiu.f:  10 

RMLIAUILITY  MOHEUNG  TERMS 


Te  rni 

Hcfinition 

Relationship 

t 

total  mission  time 

1 year  = 8766  hours 

X 

chip  failure  rate 

N 

total  chip  count 

total-to-activ^e  chip  count  ratio 

N 

,,  total 

~ N 

active 

^<X 

active -to -dorm ant  failure  rate  ratio 

_ ^active 
^dormant 

K 

t 

total-to-active  mission  time  ratio 

t 

mission 

active 

'■'see  text  discussions 


For  reliability  analysis  purposes,  it  will  be  assunaed  that  the  Mass 
Memory  is  functionally  configured  in  the  manner  shown  in  figure  38.  As  seen 
here,  the  MM  system  architecture  described  previously  has  been  restruc- 
tured slightly  to  delineate  those  portions  of  the  overall  circuitry  which  form 
uniquely  characterizable  subsystem  "units"  within  the  memory.  Six  different 
typos  of  units  are  seen  to  exist,  with  three  of  the  six  duplicated  as  a result 
<»f  the  dual -port  system  configuration.  Within  each  functional  unit  are  shown 
the  series  of  failure  unit  circuitry  blocks  which  appear  in  the  reliability  system 
models.  These  blocks  do  not  correspond  specifically  to  electrical  functions 
performed  or  physical  boundaries  existing  within  a subsystem  unit,  but 
rather  identify  those  segments  of  circuitry  which  fail  collectively. 

In  some  subsystems  there  is  only  a single  failure  unit  block.  In  others 
there  are  several.  All  aspects  of  failures  occurring  within  these  individual 
blocks  is  considered  independent  and  noninteractive  with  that  of  any  other  block 
(this  necessarily  demands  independent  supplies).  A single  failure  in  any  of 
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Figure  38.  Reliability  Analysis  "Unitized"  MM  Block  Diagram 
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the  nonmemory  circuitry  blocks  is  considered  to  cause  a mortal  failure  in 
that  section  of  the  memory.  Whether  or  not  loss  of  a specific  failure  unit 
amortizes  the  subsystem  in  which  it  is  located,  and  whether  this  then  causes 
failure  of  the  entire  memory,  depends  on  its  position  in  the  memory  hierarchy. 
In  the  PBU,  for  instance,  the  buffer  memory  can  fail  completely  without 
amortizing  either  the  PBU  or  the  entire  MM.  The  reason  for  this  is  simply 
that  the  buffer  memory  in  an  MNOS  mass  memory  is  an  add-on  which  is  in- 
cluded to  provide  extra  system  capability  in  accomplishing  data  reformatting. 

It  can  be  completely  deleted  at  any  time  with  no  loss  of  ability  to  enter  or 
retrieve  data  from  the  main  memory. 

Those  portions  of  the  Mass  Memory  in  which  single,  nonmemory  de- 
vice failures  will  result  in  loss  of  a subsystem  unit  whose  failure  is  catas- 
trophic to  the  entire  memory  are  the  FCU,  the  directory  manager  in  the 
DMU,  and  the  storage  supervisor  in  the  MSU.  The  reason  for  this  is  that  no 
redundancy  exists  within  these  circuitry  blocks,  and  they  are  not  duplicated 
in  the  memory  organization.  It  is  therefore  necessary  that  these  portions  of 
the  system  be  very  reliable.  Use  of  simplest  possible  design  principles 
requiring  minimum  component  counts  are  indicated,  with  all  devices  qualified 
to  MIL. -M- 385 10,  level  B,  as  a minimum. 

Portions  of  the  system  in  which  single  failures  are  not  necessarily 
catastrophic  are  the  CIU,  ACU,  PBU,  and  the  MSU  storage  interfaces.  Each 
of  the  units  existing  in  these  areas  is  duplicated  as  a result  of  the  dual  port 
memory  configuration.  Loss  of  any  one  or  more  of  these  units  which  inter- 
act with  a specific  port  will  neither  prevent  nor  hinder  in  any  way  the  ability 
to  process  data  via  the  opposite  port.  However,  whether  or  not  the  loss  of 
an  access  port  is  considered  to  be  amortizing  to  the  memory  as  a whole  de- 
pends on  the  failure  definition  adopted  for  the  system  (i.e.,  the  number  and 
type  of  unit  failures  that  can  be  tolerated  before  the  memory  is  considered 
functionally  useless). 
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Redundancy  in  the  form  of  SECDED  (single  error  correction/double 
error  detection)  type  Hamming  parity  encoding  is  incorporated  into  each 
memory  unit  in  the  Mass  Memory.  This  includes  the  data  file  and  resource 
allocation  memories  in  the  DMU  and  the  buffer  memory  in  the  PBU,  as  well 
as  all  of  the  memory  planes  in  the  MSU.  Encoding  is  taken  to  be  on  a 
quarter-word  basis,  as  outlined  in  table  11.  With  this  proviso,  single 
failures  in  any  of  the  storage  units  will  be  automatically  corrected.  Depend- 
ing on  the  statistical  distribution,  many  failures  can  in  fact  occur  before  the 
memory  fails  in  its  ability  to  handle  user  data  without  introducing  errors  into 
it.  Beyond  transparent  error  (or  failure)  correction  techniques  of  this  type, 
no  allowance  is  made  for  any  form  of  degraded  mode  of  operation  in  any  of  the 
storage  sections.  This  restriction  is  imposed  so  that  the  analyses  to  be 
made  will  reflect  hardware  conditions  exclusively,  with  no  assumptions  re- 
garding the  ability  of  software  routines  to  recover  from  specific  failure 
conditions . 

Both  volatile  and  nonvolatile  memory  device  types  are  employed  in  the 
MM  system.  Volatile  MOS  memories  are  specified  for  use  in  the  buffer 
memory.  Nonvolatile  MNOS  devices  are  specified  for  both  of  the  DMU 
memories  and  all  planes  in  the  MSU.  Strictly  on  the  basis  of  data  integrity 
in  the  face  of  power  loss,  these  storage  structures  must  be  nonvolatile  in 
form.  Obviously,  loss  of  data  from  the  main  memory  would  constitute  a 
failure.  Similarly,  loss  of  file  location  or  storage  allocation  information 
from  the  data  management  memories  would  result  in  inability  to  retrieve 
data.  It  might  be  possible  to  incorporate  a "restart  sequence"  into  the 
directory  manager’s  algorithms  by  which  it  would  search  the  main  storage 
data  contents  and  retrieve  "header"  information.  This  would,  however, 
require  that  sufficient  storage  space  be  set  aside  in  the  MSU  for  these 
headers.  Although  such  a possibility  is  not  ruled  out,  it  will  not  be 
assumed  to  exist  here. 
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TARI.E  11 


1 1ST  OF  PRINCIPAI.  MM  QUA  R TF.R  - WOR  D SEC  DE I)  PARAMETERS 

• Usf  of  standard  llamniin>>  codes  assumed 

• Formation  of  Z56-bit  data  words  from  four  groups  of  64 
data  bits  and  8 parity  bits 

• Use  of  72  storage  chips  in  each  encoded  group  with  each 
chip  having  4 I/O's,  each  of  which  is  used  in  a different 
quarter-word  segment 

• Any  single  bit  channel  bad  out  of  72  is  corrected 

• Any  double  bit  channel  bad  out  of  72  is  detected 

• Any  single  chip  failure  in  a 72  chip  group  — causing 

a single  bit  failure  in  all  four  quarter-word  segments  — 
is  transparently  corrected 

• Any  two  complete  chip  failures  in  a 72  chip  group  are 
detected. 

In  the  case  of  the  MM  main  storage  section,  the  need  for  nonvolatility 
is  further  strongly  suggested  by  practical  restrictions  on  the  minimum  sys- 
tem reliability  level  that  can  be  tolerated.  This  fact  is  outlined  in  Appendix 
D,  which  reviews  alternate  memory  device  technologies.  If  dormancy  capa- 
bilities are  not  included  in  the  main  storage  section,  its  mean  time  between 
failure  (MTRF)  becomes  vanishingly  small.  Preliminary  analyses  of  the 
MSU  conducted  with  dormancy  effects  ignored  — which  is  equivalent  to  using 
volatile  me  mory  devices  — revealed  that  the  combined  failure  rates  of  the 
memory  planes  vinder  this  condition  were  so  high  that  one  would  break  down 
within  every  20  hours  of  operation.  All  consideration  of  MM  system  re- 
lialiility  is  therefore  baaed  on  the  assumption  that  the  main  storage  section 
is  implemented  with  nonvolatile  MNOS  devices,  and  that  the  dormancy  re- 
lated improvements  realizable  by  their  presence  are  indeed  secured 
through  the  use  of  power  switching  during  all  periods  of  memory  inactivity. 
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Device  sizes  employed  in  the  nonvolatile  MNOS  storage  sections  are 
based  on  the  projected  establishment  of  military  qualification  standards  for 
device  sizes  of  16  Kbits  through  64  Kbits.  At  present,  these  standards  exist 
only  for  memory  chips  of  up  to  4 Kbits.  It  is  assumed  that  the  device  types 
deployed  in  the  mass  memory  will  have  been  in  production  a sufficient  length 
of  time  to  rate  a production  maturity  factor  (w  ) value  of  1.  Attainment  of 
this  condition  appears  essential  but  obviously  will  require  considerable 
attention  to  formulate  the  conditions  under  which  these  parts  must  be  fab- 
ricated, screened,  and  tested  to  provide  MlL-M-38510  qualification  levels. 

Selection  of  the  type  device  used  in  the  buffer  memory  is  free  of  any 
consideration  of  data  integrity.  It  does  not  have  to  be  nonvolatile,  since  any 
in-transit  data  which  it  may  contain  at  the  time  of  a power  failure  will  either 
already  be  present  in  the  nonvolatile  main  memory  or  can  be  rapidly  dumped 
into  it  within  the  several  microseconds  decay  time  of  the  system  main  supply 
filter  capacitors.  As  pointed  out,  the  buffer  memory  is  included  for  special 
feature  purposes,  rather  than  being  a critical  system  item.  Its  capacity  {< 

4 Mbits)  and  functional  requirements  indicate  that  it  is  most  expeditiously 
and  cost  effectively  implemented  using  volatile,  commercially  available 
MOS  RAM's  (such  as  present  4 Kbit  units  or  industry  projected  16  Kbit  de- 
vices). Use  of  this  type  of  memory  IC  has  accordingly  been  assumed. 

4.  2 DETAILED  ANALYSES 

Two  fundamental  approaches  exist  to  the  calculation  of  the  aggregate 

MM  system  reliability.  One  is  a simple  serial  component  count  analysis 

which  ignores  all  considerations  of  redundancy  within  the  system.  This 

approach  yields  a result  which  is  normally  expressed  in  terms  of  either 

average  system  failure  rate  (number  of  failures  per  unit  time)  or  its 

reciprocal,  mean  time  between  failures  (MTBF).  The  basic  relationship 

facilitating  this  type  of  first  order  prediction  of  system  failure  rate  ( X ) is 

s 

represented  in  closed  summation  form  by  the  expression: 
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n 

E 

i=l 


(N  X TT  ). 
p p Q 1 


(Eq.  4-3) 


wborr  the  respective  terms  are  defined  as; 

X = total  system  (or  subsystem)  failure  rate  (normally  expressed 
^ in  terms  of  failures  (10^  hours) 

X = (generic  failure  rate  of  ith  fjeneric  part  type  in  the  stipulated 
^ operating  environment  (failures/lO^  hrs) 

TT  = procurement  quality  factor  of  ith  generic  part  type  (equals  unity 

for  MIL-M-38510,  level  B screening) 

N = total  number  of  the  ith  generic  part  type  present  in  the  system 
^ (or  subsystem) 

The  generic  failure  rates  and  quality  factors  to  be  used  in  this  relationship 
are  found  in  section  3 of  M1L-HDBK-217B  and  are  reproduced  for  reference 
in  Appendix  C of  this  report. 

The  alternate  approach  to  calculation  of  aggregate  system  reliability 
takes  into  account  the  organization  of  the  system.  It  allows  for  the  grouping 
of  circuitry  units  and  the  manner  in  which  they  may  be  interconnected  to 
achieve  redundancy  related  improvements  in  reliability.  This  analysis 
approach  yields  a result  which  specifies  the  probability  of  the  system  per- 
formance not  degrading  below  a certain  level  (defined  as  the  amortization 
point)  within  a given  length  of  time  (mission  time,  t).  The  result  is  thus  a 
probability  of  success  prediction  and  is  norm.ally  expressed  as  a percentage. 
The  fundamental  relationship  by  which  system  or  subsystem  reliability  (R^) 
is  detc!rrnined  is  a multielement  product  described  in  closed  form  by  the 
expression 


R 


n 

II 

i=l 


R. 


(Eq.  4-4) 


where  R.  is  the  reliability  of  the  ith  subunit  in  the  system,  or  the  ith  part 
in  a subsystem,  as  found  from  equation  4-1. 


105 


Here  it  ie  to  be  noted  that  these  last  two  relationships,  in  general,  facilitate 
conversions  between  the  two  approaches  to  reliability  prediction.  Caution  is 
advised  in  doing  so,  however,  so  as  to  ensure  that  the  results  obtained  do 
not  overlook  redundancy  factors,  if  it  is  intended  that  they  be  included,  nor 
introduce  thenn  extraneously. 

The  approach  which  is  suggested,  and  has  been  followed  here,  for 
assessing  the  aggregate  reliability  of  the  mass  memory  is  to  employ  an  ex- 
peditious mixture  of  the  two  analysis  approaches.  As  an  absolute  baseline 
reference  point  (reflecting  the  most  conservative  perspective  under  a given 
set  of  conditions),  exclusive  use  is  made  of  the  component  count  approach. 
This  is  then  supplemented  by  the  more  detailed,  integrated  redundancy  form 
of  analysis  to  determine  whether  inclusion  of  selected  types  of  redundancy 
provide  sufficient  improvement  in  critical  areas  to  make  the  system  practical. 

To  facilitate  considerations  of  the  mass  memory  on  both  a baseline, 
nonredundant  basis  and  with  all  forma  of  redundancy  included,  it  is  first 
necessary  to  prepare  a set  of  system  and  subsystem  models.  These  models, 
supplementing  the  general  system  model  of  figure  37,  have  been  assimilated 
and  are  included  for  reference  in  Appendix  C.  All  but  three  of  the  MM  sys- 
tem units  to  which  these  models  apply  possess  self-contained  (independent  of 
port  duplication)  redundancy  characteristics.  These  are  the  FCU,  ACU,  and 
the  CIU.  Here  it  is  to  be  noted  that  a series  of  initial  run-through  analyses 
conducted  during  the  study  revealed  weaknesses  in  the  original  PBU  design. 

In  particular,  error  correction  provisions  weren't  at  first  included  as  part 
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of  the  buffer  memory  desinn.  Furlhormore,  the  PRU  bussing  was  setup  such 
that  a buffer  mettiory  failure  causerl  a failure  of  the  complete  PRU.  As  a 
result,  its  predicted  reliability  was  unacceptably  low  and  seriously  degraded 
the  aggregate  reliability  level  realized  in  the  PRU.  Subsequently,  the  design 
of  this  unit  was  modified  to  correct  for  the  noted  deficiencies. 

On  the  basis  of  the  above  models,  the  detailed  analytical  relationships 
necessary  to  performing  a complete  reliability  analysis  were  derived. 

Tables  12  through  16  present,  collectively,  a complete  summary  description 
of  the  mathematical  processes  involved  in  projecting  the  reliabilit^^^evels  of 
the  individual  modularized  units  comprising  the  MM  system  and  of  the  system 
as  a whole.  The  relationships  given  in  these  tables  are  completely  generaK 
in  nature,  though  specifically  applicable  to  the  unit  organizations  from  which  \ 
they  were  tlorived,  l>eing  based  exclusively  on  the  established  practices  set 
forth  in  Mil . -H DRK -2 1 7R . The  representative  parameters  included  are,  in 
part,  strictly  confined  to  use  in  considering  what  happens  to  the  system  in 
either  a ground  benign  or  a ground  fixed  environment.  Moreover,  the 
other  parameters  cited  are,  at  present,  engineering  estimates  of  such  items 
as  system  duty  factor  and  parts  counts  in  the  various  units. 

Since  the  arithmetic  processes  are  lengthy  and  tedious  rather  than 
difficult,  they  will  not  be  duplicated  at  this  time.  Instead,  two  itemized 
summaries  have  been  prepared  (one  for  each  environment)  and  are  presented 
in  tables  17  and  18.  The  points  of  note  from  these  analyses  are  that, with  the 
type  of  redundancies  that  have  been  provided  in  the  aggregate  system  organi- 
zation, the  mass  memory  frequency  of  repair  record,  even  allowing  for 
mechanical  failures  not  included  here,  should  typically  be  on  the  order  of  a 
1000  hours  or  more  in  a ground  benign  environment  and  better  than  200 
hours  in  a ground  fixed  environment.  If,  however,  non-independence  of  the 
access  ports  occurs  and  redundancies  are  eliminated,  the  system  would 
fail  on  the  average  every  100  or  so  hours  even  in  a benign  environment. 
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TABLE  12 


MM  SYSTEM  RELIABILITY  MODEL  RELATIONSHIPS 


8 


TABLE  14 


PBU  RELIABILITY  MODEL  RELATIONSHIPS 


General: 


Ri.  = ( Rr)  i whe 


Pa  r.iineters: 


t . , - I year  (8766  hr) 

mission 

Powered  duty  factor  all  devices  = 100% 
Nj__  = 1200  TTL  devices 
= 1400  TTL  devices 
*Nb  = 2304  MOS  devices 


Ground 
Benign  ^ 

G round 
F ixed 


^ logic 
^ memory 


= 0.02  failures/10“  hrs. 
= 0.64  Iailures/10^  hrs. 

= 0.  06  failures / 1 0^  hrs . 


^ logic 

. = 0,73  failures/lO  hrs. 

^ memory 

n = 72  MOS  devices/memory  ELSEG 


a.  Redundant  Analysis : 


m = 32  ELSEG' s /buffer  memory 

^ (k!  (n-k)!)  *^chip^  ^^’^chip^ 

-(n-  1 ) 

^Equation  denotes  that  (n-1)  of  n must 
^be  good  as  facilitated  by  SECDED. 

{Equation  denotes  that  the  buffer 
memory  can  be  deleted  without  L 
of  entire  PBU. 


" ^L  \ memory  can  be  deleted  without  loss 


of  entire  PBU. 


b.  Nonredundant  Analysis; 


Re  “ ( Rchip) 
Rp  = Rl’  Ry 


*Note:  Memory  device  count  includes  SECDED  overhead  redundancies. 

Memory  device  failure  rates  cited  are  for  4Kbit  capacity  chips. 


TABLE  15 

DMU  RELIABILITY  MODEL  RELATIONSHIPS 


General: 


Parameters : 


(G  round  \ 
Benign  / 


(Ground  \ 
t ixed  / 


a.  Integrated  System: 


^DFl'  ^RAD 


^DFI  ■ ^ ^ 

‘mission  = * 

System  powered  100%  of  time  and  active 
40%  of  time. 

Control  logic  powered  100%  of  time. 

Memories  on-line  25%  of  time. 

N,  = 200  TTL  devices 
logic 

'f'N  = 304  MNOS  devices 

memory 

\ . =30  fits 

" logic 

I X =1.26  failures/10^  hrs 

I ''memory  , ^ 

I ' ( active  ^ 50OC ) 

, =0.05  failures/10^  hrs 

Amemory  , , ^ ^ 

' (dormant  (“  25°C) 

t . ~ 0,06  failurcs/10^  hrs 

^ logic 

\ ~ \,1Z  failures/lO^  hrs 

1 Anu*mory 

J ( at  tive  («  S0°C ) 

X 0.  I 1 failures/lO^  hrs 

1 ' (dormant  cS*^C) 

1^  t hips/ELSEG  (in  DKI  memory) 
"memory  go  chips/ELSEG  (in  RAO  memory) 


^EI  V ^ ( k!(n-k)!)‘^chip^''^‘‘^chip^ 

\ED/  k (n-1) 


^ Equation 
I good  for 


ion  denotes  that  (n-1)  of  n must  be 
'or  successful  mission. 


b.  Noninteg  rated  System: 


^ " <R  u-  )" 

/ El  \ chip 

Ved/ 

fNote:  Memory  device  counts  include  SECDED  overhead  redundancies. 

Memory  device  failure  rates  cited  are  for  l6Kbit  capacity  chips. 
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TABLE  16 


MSU  RELIABILITY  MODEL  RELATIONSHIPS 


«M  = «U-  Ra 

R0  ^ R«  ■ R 7 

Rq  = (Rfl)^ 


(G  round  \ 
Fixed  / 


- 0.  06  f / t 0^  hrs  ( ac  tive), 
0.007  f/lO^  hrs  (dormant) 

•1.05  f/10^  hrs  (active), 
irmory  f/lO^  hrs  (dormant) 


(Re)"^  whe 


" ^ (4^) 


Parameters : 


t 1 year  (8766  hr) 

nussion  ' ' 

System  powered  lOO^o  of  time  and  actively 
powered  40%  of  time. 

Off-plane  devices  powered  100%  of  time. 
On-plane  devices  powered  80%  of  system 
active  time  (Z  at  a time). 


- 200  TTL  devices 
Njj  1200  T I L devices 

2 I 00  I TL  devices 
I 152  MNOS  devices 


(total  = I X active) 


(total  M X active ) 


(G  round  \ 
Benign  / 


M - * m<*mory  planes/MSU 

= 16  planes/fully  system  (using  64  Kbit 

MNOS  devices) 

n = 72  MNOS  devices /storage  module  ELSLG 

m - 16  ELSEG* s/module 

=0,02  failures/lO^  hrs  (active). 
0.002  failures/ 10^  hrs  (dormant) 

. - 2.92  failures/lO^  hrs  (active), 

memory  (aiim-es/lO^  hrs  (dormant) 


a.  Integrated  System: 


E 

k-^(n-l) 


\ (SECDED  Factor) 

\rEquation  denotes  that  (n-l)  of  n must 
^ood  for  successful  mission. 


1 - 


\ (Dual  Port  Factor 
^TKcjuation  denotes  \ 
Igood  for  successft 


that  I out  of  2 must  be 
ful  mission. 


b.  Noninteg  rated  System: 

Rq 


TABLE  17 


MM  SYSTEM  RELIABILITY  ANALYSIS  SUMMARY 


(Ground  Benign  Environment) 


MM 

Nonredundant  Analysis 

Redundant  Analysis 

Unit 

R(%) 

MTBF  (hr) 

R(%) 

MTBF  (hr) 

98.  26 

500, 000 

1 

96.  55 

250, 000 

, (No  Redundancy  in 

these  units) 

84.  66 

52, 630 

1 

3.  388 

2,  590 

95.  56 

193,  100 

PBU 

1.  164x10"^ 

771. 6 

81. 03 

41,  670 

MSU 

- 15 

1.450x10 

226.  1 

3.  522 

2,  620 

Total 

-27 

4. 373x10 

134.  2 

2.  930 

2,  483 

TABLE  18 

MM  SYSTEM  RELIABILITY  ANALYSIS  SUMMARY 
(Ground  Fixed  Environment) 


MM 

Unit 

Nonredundant  Analysis 

Redundant  Analysis 

R(%) 

MTBF  (hr) 

R(%) 

MTBF  (hr) 

FCU 

ACU 

CIU 

DMU 

PBU 

MSU 

94.  88 
90.  02 
43.48 
0. 9174 
1. 007x10"^ 
3.  177x10"^^ 

166, 700 
83,  330 
10, 530 
1,  869 
544.  1 
104.  3 

' 

(No  Redundancy  in 
these  units) 

. 

86.  52 
53.  20 

1.  695x10"'^ 

60,  536 
13,  890 
659.  7 

T otal 

-54 

4.295x10 

71. 34 

5. 191x10"^ 

605.  8 

lU 


KXPLORATOKY  DEVELOPMENTS 


5.  1 DEVICE  TEST  STAND 

Ihe  portable  device  screening  and  evaluation  test  stand  shown  in 
figure  39  was  constructed  during  this  study  and  is  presently  in  use  at  the 
Westinghouse  ATL  facilities.  It  has  been  used  to  performance  screen 
DIE  packaged  devices,  unpackaged  wafer  form  die,  and  multiple -device 

memory  boards  (via  the  adapter  box  shown  at  the  left  of  the  main  con- 
trol unit).  Also  seen  here  are  two  of  the  breadboard  test  system  memory 
boards  and  a selection  of  24  pin  DIL  IC  packages. 

This  exerciser  was  designed  to  provide  all  of  the  waveforms  needed  to 
char,  write,  and  read  2 Kbit  MNOS/BORAM  memory  chips.  The  unit  consists 
fundamentally  of  a cyclic  chain  of  monostables  which  generate  pulses  of  various 
lengths.  At  the  start  of  a cycle,  a flag  flip-flop  is  checked  to  set  the  timing 
to  either  a clear/write  mode  or  a read  mode.  During  lO  operations  that  follow, 
the  data  registers  are  clocked  at  a front  panel  controlled  rate  of  from  500  KHz 
to  5 MHz  to  affect  transfer  of  data  into  or  out  of  the  memory  chip.  At  the  end 
of  a clcar/write  cycle  after  the  last  row  is  written,  the  WRITE/READ  flip-flop 
is  cleared,  and  a new  read  cycle  is  started.  In  normal  operation  the  exerciser 
reads  the  chip  continuously  but  writes  it  only  once  upon  command  then  returns 
to  the  continuous  rear!  sequence. 

Either  the  data  from  the  memory  chip  or  an  exclusive  OR  correlation  of 
this  data  with  the  input  to  the  device  under  test  is  displayed  to  reveal  visually 
the  placement  of  any  invalid  (erroneous)  data  storage  sites  in  a chip  operation. 
To  facilitate  rapid  execution  of  these  tests  and  to  ensure  thorough  screening 
of  all  gross  failure  modes,  the  exerciser  has  been  equipped  to  write  and  read 
16  selectable  data  storage  patterns  into  any  chip  under  test.  These  patterns 
are  depicted  in  figure  40.  Although  many  other  patterns  are  possible  (and  are 
in  fact  necessary  to  test  all  possible  types  of  defects),  this  set  was  selected 
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Figure  39.  Developmental  MNOS  Device/Board  Exerciser  (Top)  and  Sample 
TV  Monitor  Display  Pattern  (Bottom) 
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on  the  bases  of  ease  of  generation  by  available  circuitry,  ease  of  visual 
interpretation  by  human  operator,  and  relative  contribution  to  thoroughness 
of  failure  mod«>  screening.  It  will,  for  instance,  be  observed  that  two  of 
the  patterns  here(the  diagonals  and  the  triangles) are  similar  to,  respectively, 
the  "walking  ones  and  zeroes"  and  "galloping  ones  and  zeroes"  test  sequences 
used  by  commercial  RAM  manufacturers. 

To  enhance  to  the  greatest  degree  possible  its  operational  ease  of  use 
and  quality  of  the  man-machine  interface,  the  device/board  test  stand  has 
been  configured  for  use  with  a standard,  commercial  TV  monitor.  All  requi- 
site sync  generation  and  composite  video  drive  circuitry  has  been  incorporated 
into  the  main  control  box.  The  earphone  jack  present  on  the  TV  set  was  modi- 
fied for  use  as  a video  input  connector  which,  through  a BNC  cable,  taps  into 
the  video  detector  output.  With  the  test  stand  cable  plug  removed,  the  set 
still  functions  in  a completely  normal  fashion. 

Present  control  options  include  those  necessary  to  fully  exercise  any  of 
the  current  2 Kbit  chips  which  have  2 lO  data  channels  per  chip  and  require 
6 address  lines.  Provisions  have  been  made  within  the  test  stand,  however, 
to  facilitate  future  expatision  up  to  8 address  lines  and  4 I/O's  per  chip  (i.  e.  , 
the  necessary  circuitry  is  included).  Subsequent  generations  of  Westinghouse 
designed  MNOS  memory  chips  covering  16  PCbits  up  through  32  Kbits  and  64  Kbits 
capacity  will  require  bringing  these  capabilities  into  play. 

5.2  SYSTEM  TEST  BED 

In  support  of  organizational  studies  relevant  to  the  production  of  large 
data  base  mass  memories,  the  core  elements  of  a test  bed  system  were 
developed.  Figure  4 1 presents  a block  diagram  of  the  bussing  structure 
deployed  in  this  unit.  To  facilitate  maximum  usage  of  this  minisystem 
during  subsequent  phases  of  follow-on  full  MM  system  development,  the  de- 
sign philosophy  adopted  was  to  make  it  directly  compatible  in  basic  organiza- 
tional format  with  the  interface  seen  at  the  DMA  port  between  STARAN  and 
the  MM.  The  control  registers  and  ledger  stacks  are  full  width  to  those 
which  exist  in  the  ACU's  of  the  final  system.  Furthermore,  the  file  "naming" 
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Figure  41.  Test  Bed  MM  System  Organization 


conventions  and  command  entry  procedures  are  similar,  although  in  this 
case  they  are  initiated  by  way  of  either  panel  control  switches  or  the  serial 
interface  CRT  control  terminal  which  is  tied  in  for  monitoring  purposes. 

The  unit  is  currently  in  operation  in  the  laboratory. 

Table  19  lists  the  console  entry  functions  which  are  presently  provided. 
These  do  not  include  all  the  options  which  the  final  MM  system  will  have 
because  the  present  memory  buffer  was  not  configured  to  allow  block-cleared 
2 Kbit  MNOS  BORAM  devices  to  be  capable  of  executing  selective  ERASE 
or  READ-WRITE  operations  on  a per-row  basis.  Complete  control  over 
system  operations  is  provided  via  the  terminal  interface  adapter  which  ties 
to  a Minibee  4 CRT  terminal  via  a standard  RS-232C  communication  link. 

The  memory  unit  currently  employed  uses  a set  of  up  to  eight  4-chip  PC 
boards  like  those  shown  in  the  figure  39.  Assembly  of  a revised  interface  will 
allow  final  MM  system  memory  boards  to  be  tied  into  the  test  bed's  address 
and  data  busses.  This  will  allow  the  functional  integrity  of  all  boards  built  for 
a final  system  to  be  proven  out  under  conditions  similar  to  those  in  the  full-up 
Mass  Memory. 

5.3  MISCELLANEOUS  BREADBOARDING 

To  prove  out  the  functional  algorithms  postulated  for  a fast  search 
access  ledger  in  the  ACU,  detailed  circuit  designs  for  both  the  descriptor 
and  address  storage  circuitry  were  generated,  fabricated,  and  tested.  As 
configured,  each  provides  for  storage  of  10  bits  of  record  storage  information. 
A single  descriptor  storage  card  will  hold  two  10  bit  record  "names".  A single 
address  storage  card  will  hold  four  10  bit  record  "locations."  The  funda- 
mental design  techniques  for  each  card  type  are  the  same,  but  the  descriptor 
card  has  the  additional  capability  of  associatively  searching  its  entries  and 
comparing  an  input  descriptor  "name"  to  every  previously  recorded  "name." 

If  a match  exists,  an  output  is  produced  identifying  the  responder  location 
in  the  stack. 
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TABLE  19 


PANEL  SWITCH  ENTRY  SYSTEM  INSTRUCTIONS 


P»n>l  Switch  Entry  Sysfm  ln«tfuct»oni 


ON/OFF  — Power  On-Of# 

UP/DWN  - Mwwrv  Power  Up-Down 


SD  - Svttem  Deecttvate 
SA  - Svttem  Activate 
WF  XXXX  - Write  File  (Named  XXXXt 
FF  XXXX  - Find  File  (Named  XXXX) 

RF  XXXX  - Read  File  (Named  XXXX) 

FA  Read  All  (Data  Only  of  Active  Filet  Only) 
TC  Terminate  Command 


I AC  ~ Abort  Command 

Storage  Cf  XXXX  Clear  Fi(e  (Named  XXXX) 

Oeatructive  OF  XXXX  - Dump  File  (Named  XXXX) 

Commandt  DA  ~ Dump  All  (Header  and  Data  of  All  Active  Filet) 
I CA  - Clear  All  (All  File  Storage  Space  Fully  Cleared) 
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Inputs  and  outputs  to  and  from  the  register  stacks  on  these  boards  are 
made  via  stack  carry  and  feeder  bus  lines.  The  feeder  bus  also  provides  the 
channel  whereby  cycle-to-the-top  updating  is  accomplished  and  accordingly 
allows  securing  access  to  a record  located  in  the  middle  of  the  stack.  In 
configuring  these  boards,  a modularly  commonalized  design  principle  was 
applied  so  that  the  resultant  record  file  stack  could  be  expanded  in  either 
dimension  by  simply  adding  more  identical  boards.  Horizontal  stacking  of 
cards  (or  card  pairs)  increases  the  number  of  address  (or  descriptor)  bits 
available  to  each  record.  Vertical  stacking,  on  the  other  hand,  increases 
the  number  of  record  slots  present  in  the  directory  stack.  The  results  of  this 
work  confirmed  the  viability  of  the  fast  search  access  ledger  algorithxm 
Testing  of  the  fast  file  descriptor  and  address  storage  boards  was 
accomplished  using  a specially  designed  exerciser  circuit.  This  circuit  board 
provides  all  signals  (except  the  master  clocking  strobe)  necessary  to  the 
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functional  checkout  of  either  type  file  storage  card.  Availability  of  this 
exerciser  board  should  expedite  production  of  fast  file  cards  during  any  sub- 
sequent prototype  system  developments. 

To  minimize  development  costs  and  maximize  flexibility  of  fieldable 
mm  systems,  commonality  of  circuitry  block  designs  appears  to  be  a funda- 
mental  keyword.  Following  this  principle,  a detailed  design  was  also  gen- 
erated for  a multipurpose  line  repeater  board  which  could  be  mass  produced 
for  universal  application  in  either  rail  of  all  subsystem  CIU's  which  must 

interface  to  an  AAP  like  STARAN.  An  evaluation  copy  of  this  repeater  design 
was  breadboarded. 

Dynamic  testing  of  this  board  confirmed  its  universal  interface  func- 
tional capabilities.  Analysis  of  the  alternate  functions  which  must  be  per- 
formed by  the  broadcast  rail  throughput  repeaters  and  the  response  rail 
return  repeaters  produces  the  following  findings: 

Tapped  Throughput  Repeater  Functions 

1 ) Throughput 

2)  Line  Tap 

3)  Input 

Gated  Return  Repeater  Functions 

1 ) Throughput 

2)  Output 

3)  Cycle  Back 

In  each  case,  the  multipurpose  12  channel  repeater  card  can  supply  the  three 
requisite  functional  conditions. 

Using  20  IC's,  each  multipurpose  repeater  card  handles  12  channels. 
Further  considerations  of  the  most  efficient  way  of  implementing  the  line 
repeaters  ha,  shown  that,  despite  the  attractiveness  of  the  universal  board 
from  a spare  parts  aspect,  higher  reliability  and  lower  cost  will  be  achieved 
by  using  two  separate  line  repeater  based  designs:  one  for  the  tapped  broad- 
cast  rail  and  one  for  the  gated  response  rail. 
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A total  of  5 memory  boards  were  assembled  for  the  MM  test  bed 
system  discusse<l  previously.  All  boards  were  fully  populated  with  4 each, 
no-defect, 2 Kbit  MNOS  memories.  Four  of  these  boards  are  now  installed 
in  the  system  test  bed.  The  first  of  the  five  cards  built  used  discrete  device  inter- 
face's while  all  subsequent  cards  employed  commercial  IC's.  Adoption  of  the 
latter  construction  concept  serves  to  reduce  inventory  and  construction  costs. 
Moreover,  it  lends  itself  directly  to  assembly  line  production  techniques 
fSiich  as  wave  soldering'),  which  will  be  encounte red  in  future  system  assemblies. 
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6.  CONCLUSIONS  AND  RECOMMENDATIONS 


This  report  has  prc-sented  a number  of  wide-ranging  discussions,  some 
of  which  have  been  broad  in  nature  and  others  of  which  have  dealt  with  nar- 
rowly defined  specific  factors,  related  to  the  subject  of  high-speed,  wide- 
bandwidth,  multiport  mass  memories  which  may  find  use  in  future  associative, 
parallel,  and  configurable  processor  facilities.  To  tie  the  diverse  consider- 
ations together,  three  main  points  need  to  be  covered: 

• Identification  of  memory  technology  availability  and  groonning  prospects 
for  devices  best  suited  to  production  of  associative  array  processor 
compatible  mass  memories. 

• Elucidation  of  suggested  design  implementations  which  are  applicable 
to  production  of  baseline  through  full-capability  mass  memory  systems. 

• Delineation  of  estimated  scheduling  for  and  major  difficulties  to  be 
resolved  during  follow-on  procurement  of  a developmental  mass 
memory  prototype. 

It  is  the  purpose  of  this  section  to  treat  these  three  topics  in  sufficient  detail 
that  RADC  can  proceed  in  an  enlightened  manner  with  the  planning  of  near 
term  ( 3 to  6 years  hence)  computer  facilities  which  require  the  availability 
of  reasonable  cost,  high-performance  mass  storage  devices. 

Th«-  choices  made  between  memory  technology  alternatives  and  the 
8ugg«-sted  system  design  implementation  techniques  are  derived  from  or  are 
direct  extensions  of  the  material  developed  at  length  in  prior  sections. 
Consequently,  certain  points  are  called  out  or  cited  without  further  elucidation. 
Clarification  of  these  points,  when  encountered,  can  be  secured  by  referring 
back  to  the  appropriate  section  in  which  they  were  first  developed.  The  proto- 
type follow-on  scheduling  estimates  given  are  based  on  best  engineering 
judgement  and  reflect  present  projections  on  both  production  device  availabili- 
ties and  required  levels  of  effort  to  accomplish  first-of-a-kind  design  mech- 
anizations. 


6.1  TECHNOLOGY  PROSPECTS 


6.1.1  Support 

Westinghouse  has  full  confidence  in  and  is  totally  committed  to  the  de- 
velopment and  production  of  MNOS  memory  devices  tailored  to  meet  future 
mass  memory  system  application  requirements.  In  the  past  few  years  there 
has  been  increasing  interest  by  the  services  in  this  technology  as  evidenced  by 
the  substantial  support  provided  on  ARMY,  AIRFORCE,  NAVY,  and  NASA 
contracts  to  help  bring  the  technology  base  to  maturity.  Although  initially 
slow  in  evolving,  the  MNOS  technology  is  now  justifying  the  attention  that 
has  been  given  to  it. 

In  addition  to  Westinghouse  supported  efforts,  there  are  at  Westing- 
house  two  separate  ongoing  funded  contract  programs  aimed  at  the  design 
and  development  of  a family  of  higher  capacity  memory  devices  for  future 
mass  memory  system  applications.  One  of  the  contracts  is  for  an  8 Kbit 
design,  and  the  second  is  for  a 16  to  32  Kbit  design  transition.  The  l6  Kbit 
design  is  presently  near  completion.  It  forms  the  basis  of  designs  that  will 
be  configured  for  use  in  high-speed/high-capacity  Mass  Memory  applications. 
All  design  modifications  introduced  into  the  16  Kbit  chip  will  subsequently 
be  incorporated  in  the  32  Kbit  device  to  provide  for  a logical  growth  sequence 
for  securing  lower  overall  memory  costs.  With  the  level  of  maturity  that 
has  been  achieved  in  the  basic  MNOS  technology,  there  is  full  confidence  that 
the  16  Kbit  devices  will  reach  production  status  in  the  required  program 
time  frame. 

Westinghouse  is  continuing  a high  level  of  support  on  the  development 
of  memory  devices  aimed  at  higher  capacities  and  lower  costs  for  future  mass 
memory  applications.  These  have  a planned  progression  to  64  Kbits  and  then 
128  Kbits,  with  a long  range  future  goal  of  1 Mbit  per  device.  This  overall 
planning  and  support  includes  the  purchase  and  installation  of  new  facilities 
to  provide  for  higher  resolution  and  therefore  larger  capacity  devices  with 
no  increase  in  physical  chip  size.  With  no  change  in  the  level  of  support. 
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it  is  projected  that  the  64  Kbit  device  will  reach  production  status  by  early 
1979  with  the  128  Kbit  device  following  in  1980.  Should  demand  prove  suffi- 
ciently great  that  additional  contract  support  to  develop  these  higher  capacity 
devices  is  obtained,  the  period  to  production  maturity  will  be  decreased 
sharply.  These  higher  capacity  units  promise  to  make  all  future  mass  memory 
applications  very  highly  cost-effective,  both  on  an  initial  procurement  cost 
basis  and  on  an  installed  cost-of-ownership  basis. 

6.1.2  Status 

At  Westinghouse,  the  recent  run  of  the  6OOOC  BORAM  device,  developed 
under  joint  Army/Navy  auspices,  have  produced  an  excellent,  reproducible 
memory  device  with  exceptionally  stable  performance  characteristics  and 
good  production  yields.  This  latest  2 Kbit  chip  achieves  these  characteristics 
through  the  use  of  a two  transistor  (2T)  memory  cell  structure  and  a differ- 
ential detection  mechanism  in  conjunction  with  a simplified  process  sequence. 

Experimental  evidence  has  shown  that  the  minimum  geometry  for  an 
MNOS  memory  cell  is  well  below  the  present  design  rules.  The  memory 
structure  begins  to  malfunction  due  to  fringing  fields  when  the  memory 
window  width  approaches  1 pm.  Devices  have  been  fabricated  and  successfully 
operated  with  a 1.6  pm  memory  window  and  a 1.6  pm  diffusion.  This  indi- 
cates that  improvement  in  production  photolithography  will  allow  the  minimum 
device  geometry  to  be  reduced  from  4 to  2 pm,  with  a subsequent  increase  in 
density. 

The  density  can  also  be  increased  by  adding  a second  layer  of  poly- 
silicon. Development  work  has  begun  on  a double  polysilicon  process  which 
would  produce,  with  no  other  design  rule  changes,  a 32  Kbit  memory  on  a 
die  22  5 X 200  mils.  Double  polysilicon  provides  new  layout  options  that  permit 
a significant  decrease  in  row  spacing  i.i  the  memory  array.  By  combining 

double  poly  with  2 pm  geometries,  memory  elements  can  be  built  within 
2 

0.15  mils  of  area. 
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In  addition  to  these  approaches,  other  MNOS  development  efforts  are 
exploring  possibilities  that  may  have  major  impact.  Foremost  is  develop- 
ment of  both  N and  P channel  MNOS  devices  using  a self-aligned  polysilicon 
process.  Self-aligning  processes  reduce  geometries  as  well  as  increase 
speeds  and  improve  producibility  by  eliminating  alignment  tolerances.  In 
total,  the  growth  outlook  for  MNOS  memories  is  seen  to  be  excellent,  with  a 
high  probability  of  realizing  64  Kbit  LSI  devices  within  3 to  4 years. 

6.1.3  Grooming 

For  the  MM  application  it  is  proposed  that  the  existing  16  Kbit  MNOS 
memory  chip  design  be  modified  to  incorporate  certain  unique  features  which 
will  enhance  the  performance  of  the  entire  memory  system.  A block  diagrarr 
of  the  16  Kbit  chip  as  it  would  appear  if  specifically  groomed  for  use  in  the 
dual-ported  Mass  Memory  is  presented  in  figure  42. 

The  storage  array  still  comprises  16,  384  cells  arranged  in  a 128  x 128 
matrix.  Two  additional  32  bit  shift  registers  have  been  added  on  the 
groomed  device  to  provide  four  32  bit  registers.  This  provides  4 I/Os  per 
chip  and  reduces  the  number  of  chips  that  must  be  paralleled.  Furthermore, 
a dual-port  organization  is  incorporated  directly  on-chip,  with  3 port-control 
lines  determining  the  data  port  functions.  Each  shift  register  input  or  out- 
put can  be  linked  to  either  port  A or  port  B by  the  control  logic.  Each  port 
interface  line  is  made  bidirectional,  thereby  allowing  it  to  be  ufed  as  either 
an  input  or  an  output  as  determined  by  the  control  lines.  Input  and  output 
buffers  swing  CMOS  voltage  levels,  and  the  output  drivers  can  be  switched 
to  a high  impedance  state  by  the  control  logic.  Inclusion  of  these  features 
at  the  chip  level  greatly  reduces  the  number  of  support  logic  circuits  required 
to  operate  the  memory  in  a system  that  must  have  two  isolated  primary 
access  ports. 

A unique  characteristic  of  this  memory  is  sequential  addressing 
of  the  128  rows.  Since  the  system  operates  in  a sequential  mode,  following 
location  of  the  first  row,  the  normal  random  access  row  decoder  can  be 
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Figure  42.  Dual-Port  Application  Groomed  16  Kbit  MNOS  Memory  Chip 
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eliminated.  A simple  binary  counter  of  7 stages  can  replace  7 input  buffers, 
with  a savings  of  5 pads  on  the  chip.  The  address  counter,  which  drives  a 
one  of  1Z8  decode  tree,  requires  only  a reset  input  and  a clock  for  advancing 
the  address.  As  with  all  MNOS  LSI  memory  circuits,  timing  control  logic  is 
included  on  chip  to  generate  the  various  specialized  on-chip  sequencing  and 
latching  signals  required  for  data  read  and  write. 

Although  seemingly  minor  in  concept  each  of  the  device  grooming  pro- 
visions cited  will  necessitate  construction  of  test  vehicles  to  prove  out  the 
respective  circuit  modifications  or  additions  before  incorporating  them  into 
the  full  scale  mask  set.  The  rewards  for  the  effort,  however,  will  be  a more 
reliable  system,  less  costly  to  produce  and  expand,  and  a more  flexible  sys- 
tem. In  summary,  the  technology  grooming  factors  to  be  addressed  include: 

• Self-contained  sequential  counter 

• Dual  port  l/O  gating  logic 

• Bidirectional  I/O  data  lines 

• 4 l/O  register  bits/port. 

The  estimated  die  size  for  the  16  Kbit  memory  chip  with  the  above  listed 
peripheral  circuitry  included  is  190  x 220  mils.  The  chip  can  use  up  to  four 
power  supply  levels  (including  ground)  but  in  the  intended  application  frame- 
work it  is  expected  to  need  only  three.  As  the  chip  is  envisioned,  the 
packaged  device  will  require  a 24  pin  package. 

6.2  SYSTEM  RECOMMENDATIONS 
6.  2.  1 Electrical  Design 

In  culmination  of  the  mass  memory  organization  study,  a complete  set 
of  memory  concepts  have  been  amassed.  The  recommended  system  hierarchy 
is  general  in  nature,  but  the  functional  capabilities  projected  for  the  memory 
are  dependent  upon  the  use  of  nonvolatile  MNOS  devices  exclusively  in  the 
main  storage  section.  Figure  43  shows  the  overall  organizational  structure 
of  the  mass  memory,  including  indication  of  its  interface  to  a STARAN  based 
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associative  array  processor  (APP)  computer  system.  Also  indicated  are 
the  anticipated  physical/electrical  modularity  boundaries  (dashed  lines). 

Ciuidclinos  by  which  all  recommended  designs  have  been  established 

arc; 

• minimization  of  nonmemory  support  circuitry 

• minimization  of  intcrcabinet  cabling  bundles 

• isolation  of  concurrently  functional  access  ports 

• adaptability  to  use  successive  generations  of  MNOS  chips. 

Secondary  requirements  included  in  the  operational  capabilities  of  the 
aggregate  system  which  directly  impacted  on  the  evolution  of  storage  section 
designs  include: 

• inclusion  of  parity  redundancy  for  error  detection  and  correction 
on  a 64-bit  quarter-word  basis 

• translation  of  256-bit  word  channels  during  lO  transactions  to  accom- 
plish data  steering  among  storage  channels 

• allowance  for  asynchronous  rate  changes  in  lO  operations  without  loss 
of  stored  or  in-transit  data 

• ability  to  incorporate  or  delete  buffer  memory  depending  solely  on 
application  needs  for  data  reform.atting 

These  latter  two  stipulations  have  major  impact  on  the  design  philosophy  of 

the  PBU  (port  buffer  unit).  Figure  44  depicts  the  organizational  block 

diagram  established  after  many  iterations. 

Considerations  contributing  to  the  desire  for  the  PBU  to  be  able  to 

interact  with  the  main  storage  section  of  the  MM  with  or  without  the  presence 

of  the  buffer  memory  were  the  following; 

• circumvention  of  the  impact  of  low  reliability  levels  projected  for  the 
BM,  even  with  redundancy 

• avoidance  of  need  for  redesign  in  face  of  application  not  demanding 
presence  of  BM  at  both  (or  either)  port 

• existence  of  ability  to  accomplish  both  reformatting  and  asynchronous 
operation  directly  by  the  MSU  using  the  cycle-back  ability  built  into 
the  channel  translator. 
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Figure  44.  Port  Buffer  Unit  Organizational  Block  Diagram 
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A point  of  note  here  is  that  the  last  provision  listed  above  is  based  on  the 
assumed  use  of  one  or  the  other  forms  of  latched,  bidirectional  channel 
manipulation  networks  discussed  in  Section  3. 

Provided  this  final  condition  is  met,  the  existence  of  the  BM  actually 
appears  justifiable  only  in  those  application  environments  needing  extra  or 
expanded  working  storage  space  in  addition  to  a very  large  mass  memory 
backing  store.  It  has  not  been  deleted  from  the  designs  set  forth  here,  but 
on  the  basis  of  its  questionable  utility  and  high  cost  in  both  physical  space 
and  development  effort,  it  is  recommended  that  it  not  be  included  in  initial 
system  prototype  specifications. 

The  bussing  structures  in  both  of  the  PBU's  and  in  the  MSU  (mass 
storage  unit)  are  based  on  a single,  bidirectional  interconnect  philosophy 
(as  opposed  to  the  paired,  unidirectional  interface  lines  that  are  stipulated 
for  interfaces  to  STARAN).  This  technique  satisfies  the  high  priority  need 
for  minimizing  the  intercabinet  cabling.  The  main  restriction  to  its  use  is 
the  limit  on  drive  capability  of  the  logic  devices  tied  to  the  bus  as  it  be- 
comes very  long.  Details  of  the  interconnect  configuration  recommended  in 
the  MSU  are  presented  in  figures  45  and  46,  which  show,  respectively,  the 
gross  organization  of  the  unit  and  the  bussed  relationship  of  word  channels 
and  storage  modules. 

Independence  of  port  functions  to  within  one  memory  plane  fractional 
part  of  the  total  storage  capacity  in  the  worst  case  is  secured  by  configuring 
each  memory  plane  (or,  more  specifically,  each  storage  module)  to  be  dual- 
ported.  Without  extensive  restatement,  this  approach  to  data  routing  was 
found  superior  to  all  other  dual-port  techniques  which  were  evaluated. 
Alternate  arrangements  either  required  much  more  circuitry  to  implement 
or  fell  down  in  their  ability  to  maintain  independence  of  port  functions. 

6.2.2  P%8  ical  Packaging 

The  proposed  MM  hardware  configuration  for  a full  capacity,  full 
capability  m|jnory  is  shown  in  figure  47.  As  seen  here,  the  complete  sys- 
tem consists  of  8 standard  7-foot-high  19-inch  card  racks  plus  one  low-boy 
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Figure  45,  Mass  Storage  (fnit  Organizational  Block  Diagram 
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Figure  46.  Two-Port  Bussing  Organization  of  Memory  Planes 


cabinet,  all  bolted  together  to  form  a single  unit.  All  logic  devices  are  in 
dual-in-line  (OIL)  packages.  Memory  devices  are  in  MHP's  (multichip 
hybrid  packages).  These  packages  are  mounted  on  either  wire  wrapped  or 
multilayer  PC  boards,  which  in  turn  either  plug  into  a large  backplane 
motherboard  or  are  interconnected  by  ribbon  cable  via  plug-in  connectors. 

The  purpose  of  the  suggested  packaging  concept  is  to  reduce  both  the 
initial  system  and  subsequent  maintenance  costs  by  standardizing  the  hard- 
ware. The  recommended  hardware  consists  of  only  4 major  elements:  a 
universal  wire  wrap  board,  a single  type  of  interconnecting  cable  internal  to 
the  system,  a slide  out  rack  mounted  drawer  assembly,  and  a 19-inch  rack 
frame  — all  of  which  are  off-the-shelf  items. 

Allocation  of  physical  space  in  the  respective  cabinets  is  established 
from  consideration  of  both  interrelated  functionality  and  quantity  of  circuitry. 
Adequate  space  should  be  reserved  as  shown  at  the  bottom  of  each  cabinet  for 
inclusion  of  the  necessary  power  supplies  and  sufficient  forced  air  cooling  to 
ensure  an  internal  cabinet  ambient  rise  of  no  more  than  15*C  relative  to  the 
surrounding  environment.  Either  temperature  or  air-flow  sensors  should  be 
included  to  detect  failure  of  the  cooling  system. 

Cabinet  1 contains  the  Data  Management  Unit  (DMU),  the  Function 
Coordination  Unit  (FCU),  and  both  Access  Control  Units  (ACU's).  Cabinet  2 
contains  the  two  Custom  Interface  Units  (CIU's).  Each  CIU  must  tie  into 
(i.e.,  terminate  and  repeat)  a system  interface  bus  containing  a total  of 
2,  140  twisted  pair  lines  (assuming  equivalent  STARAN  type  interfaces  at  both 
ports).  The  choice  of  the  connectors  used  is  subject  to  negotiation  between 
RADC  and  the  contractor. 

Cabinet  3 contains  the  Port  Buffer  Unit  for  Port  A,  PBU  (A),  plus  the 
Diagnostic  Interface  Logic  (DIL),  which  ties  in  from  the  System  Test  Stand 
(STS)  to  both  Port  A and  Port  B.  Cabinet  4 contains  PBU  (B)  and  is  identical 
to  Cabinet  3,  except  that  it  contains  the  Storage  Control  Unit  (SCU)  in  the 
position  occupied  by  the  DIL  in  Cabinet  3. 
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Cabinets  S through  8 contain  the  Mass  Storage  Unit  (MSU),  which  con- 
sists of  16  memory  planes  with  4 planes  housed  in  each  cabinet.  Additional 
memory  cabinets  can  be  chain-connected  alongside  of  cabinet  8 to  expand  the 
system  to  whatever  degree  desired.  Alternately,  cabinets  can  be  deleted 
for  lower  capacity  applications. 

Each  functional  unit  (ECU,  ACU,  etc)  is  assumed  to  have  a control  panel 
associated  with  it.  The  respective  control  panels  contain  power  supply 
switches,  error  and  failure  indicator  lights,  and  all  other  controls  and  indi- 
cators uniquely  required  by  the  unit.  The  individual  control  panels  are 
located  in  the  same  cabinets  as  the  units  they  service. 

6.  2.  3 Prototype  Development 

For  purposes  of  prototype  development,  the  full-up  Mass  Memory 
configurations  that  have  been  set  forth  can  be  cut  back  to  appropriate  levels 
to  secure  a functional  evaluation  vehicle  on  which  detailed  tests  and  feasi- 
bility analyses  can  be  run.  To  accomplish  this  goal  in  the  most  cost-effective 
manner,  it  is  recommended  that  the  implemented  capacity  of  the  prototype  be 
cut  back  to  the  equivalent  of  either  two  or  four  planes  of  storage.  Further, 
that  all  circuitry  and  functional  units  associated  with  the  2nd  port,  which  is 
presently  still  undefined  as  to  interface  requirements,  be  deleted.  This 
means  that  only  a single  CIU,  ACU,  and  PBU  would  be  built. 

The  cabincting  of  a prototype  system  would  be  cut  back  accordingly. 
Cabinets  3 and  6 through  8 would  be  deleted,  and  cabinets  1 and  2 would  not 
be  fully  populated.  An  option  in  this  development  exists  in  the  case  of  the 
buffer  memory.  Its  omission  is  suggested  from  considerations  of  cost  to 
implement  and  questionable  utility,  particularly  in  an  initial  development. 
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Exclusion  of  the  BM  has  the  potential  additional  advantage  of  offering  fur- 
ther cost  savings  later  if  expansion  of  the  prototype  is  anticipated  to  include 
the  second  port.  This  comes  about  by  virtue  of  the  empty  space  existing  in 
the  PBU  cabinet  if  the  BM  is  omitted. 

Another  consideration  of  prototype  development  is  capacity  of  the 
memory  chips  employed.  Although  the  probability  of  production  quantities 
of  the  proposed  16  Kbit  MNOS  is  quite  high  based  on  present  schedules  and 
work  progress,  the  possible  need  to  back  off  to  a smaller  chip  size  cannot 
be  overlooked.  Table  20  illustrates  the  impact  which  alternate  capacity 
memory  components  have  on  the  total  number  of  planes  in  the  system  at 
various  capacity  levels. 

Accordingly,  the  advanced  development  model  (ADM)  prototype  mass 
memory  recommended  by  Westinghouse  is  a l/32nd  capacity  system  popu- 
lated with  fully  groomed  16  Kbit  MNOS  memory  chips.  With  this  particular 
choice  of  memory  device  it  will  be  possible  to  demonstrate  full  compliance 
with  the  MM  prototype  guidelines  of  table  21.  In  addition,  much  of  the 
system  support  logic  circuit  requirements  will  be  reduced  as  they  will  be 


TABLE  20 

VARIATION  IN  NUMBER  OF  MEMORY  PLANES  WITH  CAPACITY  & 

DEVICE  SIZE 
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added  to  the  basic  MNOS  device.  In  the  proposed  configuration,  the  memory 
devices  will  be  in  a separate  cabinet.  The  main  memory  will  consist  of  two 
planes  of  memory,  with  each  plane  providing  up  to  1,024  parallel  outputs. 
A<lditional  memory  planes  can  be  provided  with  no  system  modifications  re- 
quired. Provision  also  is  made  allowing  for  subsequent  addition  of  a second 
port  buffer  unit  to  facilitate  an  additional  I/O  port. 

6.3  PROTOTYPE  FOLLOW-ON  PLAN 

The  technology  prospects  for  an  appropriate  prototype  mass  memory 
system  populated  with  MNOS  memory  devices  are  excellent  for  the  design 
and  fabrication  of  a follow-on  unit  to  interface  with  STARAN.  Design  of  the 
required  basic  prototype  system  will  be  a straightforward  engineering  task 
after  all  the  interfaces  with  STARAN  have  been  finalized  and  all  data  manage- 
ment functions  agreed  upon.  An  ADJ'4  meeting  all  of  the  basic  performance 
requirements  of  the  overall  system  can  be  readily  designed  and  produced 
using  the  present  2 Kbit  MNOS  memory  devices. 

The  MNOS  memory  technology  has  emerged  from  the  development 
status  and  is  now  being  matured  for  production  reality  military  system  appli- 
cations. ECOM  has  recently  awarded  Westinghouse  a Manufacturing  Methods 
Techniques  (MMT)  program  to  bring  all  of  the  associated  processing, 
assembly,  and  test  techniques  on  the  MNOS  technology  to  a production 
maturity  status.  Although  the  MMT  program  is  directed  at  the  2 Kbit 
BORAM  MNOS  memory  device  processing  and  subsequent  MHP  assembly 
and  test,  the  results  obtained  on  the  program  will  have  direct  application  to 
higher  capacity  memory  devices, thereby  expediting  advancement  of  these 
units  to  production  status.  Pilot  line  production  capabilities  for  the  MNOS 
devices  can  readily  reach  or  exceed  around  30,  000  chips  per  month  and 
satisfy  all  production  requirements  now  forseen. 

Higher  capacity  MNOS  memory  devices  are  still  slightly  down  stream. 
Westinghouse  is  currently  working  under  ECOM  contract  on  a 16  Kbit  memory 
device  which  has  the  potential  of  being  extended  to  32Kbits,  for  future  BORAM 
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type  applications.  Although  this  effort  is  progressing  satisfactorily,  the 
schedule  being  followed  is  marginal  for  reaching  unqualified  production  status 
within  the  time  frame  of  interest  to  development  of  a prototype  mass  memory. 
With  minimal  additional  support,  this  design  could  be  modified  and  groomed 
for  the  mass  memory  application  and  the  time  to  production  status  accelerated. 

Prf)ljlems  associated  with  the  design  and  processing  requirements  of  a 
family  of  higher  capacity  memory  devices,  with  a long-term  objective  of 
1 Mbit  per  chip,  are  being  studied  on  W estinghouse  funds.  Included  in  this 
in-house  effort  are  long-term  plans  to  improve  and  upgrade  the  process 
facilities.  This  will  provide  the  capability  of  handling  larger  wafers  with 
more  automated  equipment  and  a much  higher  resolution  in  photoengraving. 

The  end  result  will  be  the  ability  to  obtain  denser  arrays  on  a smaller  allot- 
ment of  real  estate  with  less  persfinnel  handling  to  provide  the  higher  capacity 
memory  devices  at  a lower  cost  per  bit. 

Since  the  technologies  for  the  mass  memory  architecture  and  the  2 Kbit 
MNOS  memory  devices  are  both  low  risk  in  terms  of  providing  a suitable 
prototype  mass  memory  for  the  planned  application,  the  overall  follow-on 
program  should  consider  how  to  best  reach  a full-up  10^  bit  system  capa- 
bility with  a logical  sequence  of  programmed  events.  Such  a program  could 
best  be  conducted  on  two  parallel  paths:  one  to  design  and  deliver  a partially 

populated  memory,  and  the  other  to  provide  support  to  the  higher  capacity 
MNOS  memory  device  effort. 

Initially,  a partially  populated  prototype  memory  would  be  designed, 
delivered,  and  interfacefl  with  STAflAN  to  provide  a usable  mass  memory  with 
winch  extensive  investigations  of  parallel  processing  with  STARAN  could  be 

carrie<!  out.  This  unit  would  be  designed  and  have  all  support  circuits  for  the 

') 

full  10  bit  capacity  memory  but  would  only  be  populated  with  memory  devices 
to  a 1/lbth  or  a 1 /32nd  capacity  level.  This  should  be  adequate  to  ensure 
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validity  of  the  results  of  the  initial  concept  and  problem  investigations.  De- 
sign of  this  memory  system  would  be  configured  to  permit  additional  incre- 
ments of  memory  to  be  added  with  any  of  the  larger  capacity  MNOS  memory 
chips  with  no  changes  in  the  basic  memory  system  nor  in  its  design  being  re- 
quired. Full  performance  capability,  with  the  exception  of  the  smaller 
memory  capacity,  would  thereby  be  provided  by  this  unit  with  minimum  cost 
and  risk. 

As  there  is  no  major  risk  forseen  with  this  approach  and  it  is  fully 

anticipated  that  the  investigations  of  parallel  processing  using  STARAN  will 

indicate  that  this  concept  is  valid,  it  is  practically  assured  that  the  full 

g 

10  bit  capability  will  be  desired.  It  would  be  advantageous  at  this  point  to 
have  higher  capacity  memory  devices  to  decrease  the  cost  of  procurement  and 
the  volume  requirements  of  the  supplemental  memory  units.  In  anticipation 

g 

of  this  requirement  for  the  full-up  10  bit  memory,  the  parallel  effort  to 
expedite  bringing  higher  capacity  memory  devices  tailored  for  the  application 
to  production  status  is  highly  advantageous.  This  would  be  a cost  effective 
approach  to  obtaining  additional  memory  capacity  to  round-out  population  of 
the  initial  advanced  development  model  and  to  mechanize  the  next  generation 
mass  memory  system. 
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appp:ndix  a 


PKOCiRAM  STATEMENT  OF  WORK 

The  SOW  (statement  of  work)  contained  herein  is  included  for  the  sake  of 
completeness  and  as  a point  of  reference.  It  sets  forth  the  original  directives 
prescribed  by  RADC  for  the  Mass  Memory  Organization  Study  program  which 
led  to  this  report. 
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MASS  MKMORY  OKGANIZAIION  STl  l)Y 
PR  NO.  R-5-3107 

RPSKARCH  AND  TECHNOLOGY  WORK  STATEMENT 

1.0  Objective:  The  objective  of  this  effort  is  a study  and  investif?ation  for  a 

mass  memory  storage  device  that  is  directly  compatible  with  the  speed/ 
banflwidth  capabilities  of  an  associative  type  computer  processor.  This  de- 
vice when  interfacefi  with  an  associative  processor  (Af  ) can  provide  the 
necessary  storage  of  largi-  amounts  of  flata  and  instructions,  an<i  facilitate 
tlie  inherent  higlier  speed  operation  ol  the  AP. 

2.0  .Slope: 

2.  1 Numerous  studies  conducted  by  RADC  have  clearly  demonstrated  that 
effective  use  of  the  inherent  power  of  an  associative  processor  is  highly 
dependent  on  the  availability  of  a mass  storage  device  capable  of  providing 
data  at  a rate  matching  the  l/O  rate  of  the  associative  array.  However,  be- 
fore a mass  memory  can  be  specified  for  operational  use  in  conjunction  with 
an  AP.  experience  and  confidence  must  be  gained  in  a technology  suitable 
for  implementing  the  mass  memory.  The  intent  of  this  effort  is  not  to  de- 
velop memory  technology  in  general,  but  to  "groom"  a specific  storage 
technology  for  direct  application  to  the  AP.  The  storage  technology  which 
best  meets  the  requirements  and  can  be  readily  available  within  the  next 
three  years  will  be  selected  within  this  effort.  A mass  memory  organiza- 
tion will  be  designed  based  on  this  type  memory,  data  capacity,  data  and 
memory  speeds,  reliability  and  cost  to  provide  a practical  AP  storage  de- 
vice, The  data  acquired  under  this  effort  will  lead  to  a mass  memory 
storage  device  design  having  optimum  data  rates  and  minimal  costs  for 
future  AP  applications. 
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2..  I 'l  vpi<ally,  tlu-  AP  li.iM  (laia  cliannfl.s  ol  at  least  1 000  p roces sinn  elemfinlB 
,ui>l  can  r«-a<hlv  a»i»-p<  laleH  ol  six  billion  bits  per  second.  The  design 

will  incorporate  tbe  tu-cessarv  computer  architecture  to  maximize  this 
t ran s ter  rale. 

2.  3 This  sUidv  shall  not  tje  constrained  by  existing  or  planned  AP  designs 
or  capabilities. 

3.0  Background;  Considerable  basic  research  has  been  performed  by  com- 
mercial organizations  in  recent  years  oriented  at  solid  state  storage  tech- 
niques to  replace  the  mechanical  disks,  drums,  and  tapes  for  sequential  com- 
puters. Since  the  requirements  of  a mass  memory  supporting  a parallel 
processing  system  are  unique  (differs  from  one  supporting  a conventional 
sequential  computer),  a memory  organization  needs  to  be  developed  which 
encompasses  memory  type,  capacity,  cost,  and  accessing  speeds.  Work  is 
required  to  organize  the  most  promising  of  these  storage  technologies  to  pro- 

Q 

vide  a reasonably  priced,  ruggedized,  random  access,  10  bit  mass  memory 
capability  to  associative  processing. 

4.  0 Tasks  Technical  Requirements 

4.  1 The  contractor  shall  accomplish  the  following: 

4,  1.  1 Conduct  a study  and  investigation  for  the  eventual  development  of  a 
mass  memory  storage  device  which  shall  be  compatible  with  an  associative 
type  processor.  As  a minimum  the  contractor  shall  investigate  the  following 
areas: 

Q 

4.  1.1.1  Memory  size  of  1 0 bit s o r g reate  r 
4.  1.  1.2  Access  of  any  1024  bits  data  slice 

4.  1 . 1.3  Access  time  of  less  than  150  nanoseconds  per  bit  slice 

4.  1.  1.4  Read/write  capability  (stored  data  can  either  be  read-out  or  erased 

and  replaced  fiy  new  data). 

4.  1.  1.5  Non-volatile  - even  in  the  event  of  a power  failure  (non-volatility  is 
meant  to  mean  stored  data  that  can  be  read-out  after  a lapse  of  a long  period 
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ol'  limp;  1.  e.  , days,  after  having  been  written  without  the  need  of  having  been 
ref  reshed) . 

4.  1.  l.b  Memory  type,  availability  and  pertinent  technical  characteristics 

4.  1.  1.7  Memory  organization  and  structure 

4.  1.  1.8  Low  unit  cost 

4.  1.  1.9  High  reliabilify 

4.  1.  1.10  Size,  weight  and  power 

4.  1.  1.  1 1 Environmental  constraints 

4.  1.2  Based  on  the  analysis  stated  above  the  contractor  shall  fabricate  an 
Exploratory  Development  Model  (See  Note  1).  This  model  shall  demonstrate 
the  leasibilitv  of  the  design  and  shall  be  used  to  acquire  pertinent  data. 

Note  1 - I'ixploratory  Development.  An  item  (preliminary  parts  or  circuits) 
used  for  experimentation  or  tests  to  investigate  or  evaluate  the  feasibility 
and  practicality  of  a concept,  device,  circuits,  or  system  in  breadboard  or 
rough  experimental  form,  without  regard  to  the  eventual  overall  fit  or  final 
fo  rm. 

5.  0 Data  Items: 

5.  1 Research  and  Development  Status  Reports  shall  be  prepared  and  sub- 
mitted monthly  to  RADC/ISCA  (2  copies)  and  RADC/PMRD  (1  copy).  Nine  (9) 
reports  shall  be  provided.  The  final  (ninth)  contract  status  report  shall 
contain  a rluly  executed  ASPR  Certificate  of  Current  Cost  or  Pricing  Data 
covering  the  cumulative  total  of  hours  expended  in  support  of  the  term  effort. 
5.2  A h'lnal  'J  echnical  Report  describing  the  work  done,  results  obtained, 
anfl  recommendations  made  shall  be  prepared  and  submitted  to  RADC  (TIR) 
within  30  days  after  completion  of  all  tasks  in  the  term  effort.  This  report 
shall  be  prepared  in  accordance  with  MIL-STD-847 A,  dated  31  Jan  1973. 

One  set  of  reproducibles  typed  on  Government  furnished,  "Format  Sheet  for 
Preparation  of  Technical  Reports",  and  three  (3)  bond  or  high  quality  zerox 
copies  shall  be  provided.  All  work  shall  be  in  final  form  with  reproducibles 
suitable  for  direct  recording  on  microfiche. 
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5.2.  1 Technical  Report  Summary;  As  a separate  document,  the  Technical 
Report  will  include  a report  summary  specifying  the  purpose  of  the  project 
and  giving  a description  of  any  important  equipment  purchased  or  developed 
and  the  conclusions  reached  by  the  contractor.  This  summary,  prominently 
identified,  should  normally  not  exceed  a few  pages. 
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APPENDIX  n 


STAKAN  DKSCKIPTrON 


The  material  presented  here  contains  the  general  information  necessary 
to  understand  the  overall  associative  array  processor  STARAN^i'  system, 
the  design  tradeoffs  plausible  in  an  interrelated  mass  memory,  and  the 
manner  in  which  the  system  interface  is  configured.  All  information  pre- 
sented here  was  selectively  excerpted  from  Air  Force  supplied  document 
number  GER- 15640,  titled  'STARAN  Mainframe  Maintenance  Manual, 
September  1^73;  originally  delivered  under  contract  F306 02 - 73- C- 01  34. 


TM,  Goodyear  Aerospace  Corporation,  Akron,  Ohio. 
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Many  options  and  expansion  capatjilities  are  available 
with  the  STARAN  system.  Because  of  this,  the  con- 
figuration of  systems  may  vary.  Discussed  here  are 
the  elements  which  comprise  a minimal  or  basic 
STAiTAN  system  and  some  of  the  options  available. 

A basic  STARAN  system  contains,  as  a minimum,  the 
following  major  assemblies: 

1)  Controller  Cabinet.  This  cabinet  contains  the 
Sequential  Processor  (SP),  the  SP  Memory, 
and  the  Bulk  Core  Memory  Unit. 

2)  Control  Logic  Cabinet.  This  cabinet  contains 
all  Associative  Processor  (AP)  control  logic, 
the  page  memories  (page  0,  page  1,  and  page  2), 
and  the  High  Speed  Data  Buffer  (HSDB)  memory, 

1)  Memory  Cabinet.  This  cabinet  contains  at 
least  one  single-port  associative  array. 

4 ) Custom  Input/Output  Unit  (CIOU)  Cabinet. 

This  cabinet  contains  the  input/output  logic 
required  to  interface  the  STARAN  system  with 
its  external  operational  environment. 

51  Peripheral  Device:  These  devices  facilitate 

operational  control  over  the  STARAN  system. 

In  the  liasic  STARAN  system  configuration,  AP^  control 
memory  consists  of  the  following  memory  blocks: 

D Bulk  core  memory  (16,  384  words) 

2)  Page  memories  (1536  words) 

3)  High  Speed  Data  Buffer  (HSDB)  memory  (512 
words) 
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The  AP  control  memory  in  a basic  STARAN  system 
contains  a total  of  IB,  432  words,  each  word  containing 
32  bits.  However,  provision  is  made  in  the  basic 
STARAN  system  to  double  the  size  of  any  or  all  of  the 
above  memory  blocks.  Therefore,  a fully  expanded 
AP  control  memory  may  contain  as  many  as  36,  864 
words  if  required. 

Ill  addition  to  the  al>ove  AP  control  memory  blocks, 
there  is  a block  of  AP  control  memory  addresses  re- 
served for  the  Direct  Memory  Access  (DMA)  channel 
to  an  external  memory.  In  the  basic  STARAN  system 
configuration  this  block  contains  30,  720  words.  If  the 
page  memory  block  or  HSDB  memory  block  are  ex- 
panded, however,  the  available  DMA  memory  block  is 
reduced  accordingly. 

In  the  basic  STARAN  system  configuration.  Sequential 
Processor  (SP)  memory  contains  16K  words  of  16  bits 
each. 

The  basic  STARAN  system  must  contain  at  least  one 
associative  array.  However,  provision  is  made  in 
the  AP  control  logic  to  accommodate  as  many  as  32 
associative  arrays.  Arrays  may  be  added  as  required, 
with  no  increase  or  change  to  AP  control  logic.  The 
standard  STARAN  memory  cabinet  will  accommodate 
up  to  three  associative  arrays,  so  that  a fully  expanded 
system  would  contain  11  memory  cabinets. 

The  associative  array(s)  in  the  basic  STARAN  system 
are  single-port.  However,  on  an  optional  basis. 
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• Input/Output 
Options 


dual-port  associative  array(s)  may  be  utilized.  The 
dual-port  associative  array  facilitates  the  transfer  of 
data,  256  bits  per  array  at  a time,  over  the  Parallel 
Input/Output  (PIO)  channel. 

The  basic  STARAN  system  has  a variety  of  Input/ 

Output  (I/O)  options  available.  The  Custom  Input/ 
Output  Unit  (CIOU)  cabinet  containing  buffered  and/or 
unbuffered  l/O  channels  to  data  gathering,  data  re- 
ceiving, and  data-storing  devices  is  part  of  the  basic 
STARAN  system.  STARAN  can  also  be  integrated  with 
a variety  of  other  computer  systems.  The  Direct 
Memory  Access  (DMA)  channel  to  a host-computer 
memory  enables  a rapid  interchange  of  data  between 
the  systems  in  a common  memory  bank.  A Buffered 
Input/Output  (BIO)  channel  provides  an  alternate  means 
of  exchanging  data,  while  an  External  Function  (EXF) 
channel  permits  interrupts  and/or  other  control  in- 
formation to  be  passed  between  the  two  systems. 

The  optional  Parallel  Input/Output  (PIO)  channel,  with 
a width  of  up  to  256  bits  per  array,  can  also  be  im- 
plemented in  STARAN.  'I'he  extreme  width  of  this 
channel  (up  to  b,  192  bits),  plus  its  submicrosecond 
cycle  time,  gives  STARAN  an  l/O  bandwidth  many 
times  wider  than  that  of  a conventional  computer.  The 
PIO  channel  can  easily  accommodate  the  high  data  rates 
that  arise  in  many  real-time  applications.  Also,  the 
PIO  channel  makes  it  possible  for  STARAN  to  interface 
with  special  high- bandwidth  mass-storage  devices. 
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*TM,  Digital 


permitting  rapid  retrieval,  restructuring,  and  pro- 
cessing of  data  in  a large  data  base. 

Typically,  a basic  STARAN  system  would  include  a 
paper  tape  reader/ punch  mounted  in  the  controller 
cabinet  and  a stand-alone  DECwriter.  The  sequential 
processor  UNIBUS  and  the  l/O  options  available  in  the 
basic  STARAN  system  permit  a wide  variety  of  periph- 
eral devices  to  be  utilized.  Depending  on  the  user’s 
application,  any  or  all  of  the  following  peripherals 
may  be  integrated  into  a STARAN  system: 

1)  DECwriter* 

2)  Paper  Tape  Reader/ Punch 

3)  Card  Reader 

4)  Line  Printer 

5)  Alphanumeric  CRT  Display 

6)  Removable  Cartridge  Disk  Unit 

7)  Magnetic  Tape  Unit 

Another  peripheral  system  which  may  be  integrated 
into  the  basic  STARAN  is  the  Disk  Operating  System 
(IX)S).  The  DOS  is  extremely  useful  in  that  is  pro- 
vides a complete  random  access  mass  storage  media 
for  the  STARAN  system.  Large  volumes  of  data 
(approximately  1.2  million  16-bit  words)  may  be  trans- 
ferred from  a disk  to  SP  memory  and/or  AP  control 
memory  and  vice-versa.  The  disk  itself  provides  a 
convenient  and  compact  means  of  program  storage. 

The  DOS  is  supported  by  a complete  software  package 

Equipment  Corporation,  Maynard,  Mass. 
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whereby  operation  of  the  disk  drive  can  be  controlled 
from  a DECwriler  or  alphanumeric  CRT  display 
terminal. 

The  STARAN  system  consists  of  the  following  basic 
elements  (see  figure  B-1): 

1)  Sequential  control 

2)  External  function  logic 

3)  Program  pager 

4)  AP  control  memory 

5)  Associative  processor  control 
b)  Associative  arrays 

Sequential  control  in  the  STARAN  system  consists  of  a 
sequential  processor  (SP)  with  associated  memory, 
interface  logic  to  connect  the  SP  to  other  STARAN 
elements,  and  peripheral  units  which  interface  via  the 
SP  UNIBUS.  Sequential  control  provides  the  following 
functions : 

1)  A means  to  initially  load  the  AP  memory 

2)  A communication  link  between  the  operator  and 
STARAN  for  on-line  control  and  monitoring 

3)  Capabilities  for  assembling  and  debugging 
STARAN  programs 

4)  Control  fc  r STARAN  maintenance  and  diagnostic 
program  routines 

The  sequential  processor  is  a 16-bit,  general  purpose, 
parallel  logic  minicomputer  using  two's  complement 
arithmetic.  In  a basic  STARAN  system,  the  16K 
16-bit  words  (32K  8-bit  bytes)  have  SP  octal  byte 
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Figure  B-1.  ST  ARAN  Basic  Block  Diagram 


• Sequential 
Processor 
Interface 


Addresses  000000  through  077777.  All  communication 
between  system  components  is  performed  on  a single 
high-speed  bus  called  the  UNIBUS.  Also  included  is  a 
multilevel  automatic  priority  interrupt  system. 

Communication  between  the  sequential  control  and  the 
associative  processor  takes  place  over  various  buses 
in  AP  control  and  the  Sequential  Processor  UNIBUS. 

All  AP  buses  which  can  transfer  data  to  or  from  the 
UNIBUS  are  connected  to  the  "sequential  processor 
data  switch".  This  logic  module  controls  the  flow  of 
data  between  the  AP  buses  and  the  UNIbUS.  Four 
forms  of  communication  between  sequential  control  and 
the  associative  processor  are  provided: 


B-8 


1)  Direct  Access  To  AP  Control  Memory;  Words 
in  the  AP  control  memory  are  given  sequential 
processor  addresses  to  facilitate  transfer  of 
data  and  instructions  iietween  AP  control  and 
sequential  control. 

2)  Register  Readout:  Certain  registers  in  STARAN 

can  l>e  read  by  sequential  control.  This  facili- 
tates program  debugging  and  hardware  mainte- 
nance ai  d test. 

3)  External  Functions:  External  function  codes 

can  be  transmitted  to  the  external  function  logic 
and  sense  bits  received.  This  allows  sequential 
control  to  activate  and  deactivate  AP  control 
and  issue  interrupts. 

4)  Interrupt  Acceptance:  Some  elements  of 
STARAN  can  issue  interrupts  to  sequential 
control  by  issuing  certain  function  codes  to  the 
external  function  logic.  Also,  when  errors 
such  as  parity  are  detected,  a sequential  con- 
trol interrupt  is  generated. 

Numerous  hardware  functions  are  under  the  control  of 
the  External  Function  (EXE)  logic.  These  include  page 
memory  port  switches,  AP  and  sequential  control  in- 
terrupts, AP  control  and  program  pager  activity  con- 
trol, resets  and  clears.  Control  and  status  sensing 
of  these  functions  are  accomplished  by  issuing  19-bit 
external  function  commands  to  the  EXE  logic  and 
receiving  one-bit  sense  signals  in  return.  Three 
elements  of  the  mainframe  can  issue  EXE  commands: 
AP  control,  program  pager,  and  sequential  control. 


The  EXF  logic  is  expandable  to  allow  receipt  of  EXF 
commands  from  the  Custom  Input/Output  Unit  (CIOU) 
and  control  of  other  hardware  functions  in  the  CIOU. 

A resolver  in  the  EXF  logic  allows  only  one  EXF  com- 
mand to  be  treated  at  a time. 

The  resolver  in  the  EXF  logic  resolves  conflicts  among 
the  four  elements  issuing  function  codes.  One  function 
code  at  a time  is  accepted  by  the  EXF  logic.  The  inter- 
rogation and/or  control  specified  by  a function  code  is 
performed  and  then  another  function  code  is  accepted 
if  one  is  present.  A function  code  can  interrogate  and 
control  an  element  in  one  operation  without  interfer- 
ence from  another  function  code. 

The  classes  of  function  codes  are  as  follows;  page 
memory  port  switches,  interlocks,  program  pager, 
error  control,  AP  control  interrupts,  sequential  con- 
trol interrupt,  miscellaneous,  and  spare  functions  that 
may  be  used  by  the  custom  input/ output  unit  (CIOU). 

Program  The  function  of  the  program  pager  is  to  transfer  pro- 

c r 

gram  segments  from  the  bulk  core  memory  to  the 
page  memories. 

Under  normal  programming  practice,  the  pager  is 
activated  by  AP  control  when  a new  program  segment 
is  to  be  transferred  to  a page  memory.  The  program 
pager  transfers  the  segment  one  word  at  a time  from 
source  memory  to  a page  memory  while  AP  control 
executes  instructions  from  previously  loaded  segments 
out  of  another  page  memory.  When  the  pager  completes 
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the  transfer,  it  restores  the  paj^e  memory  port  switch 
to  the  AP  instruction  bus  and  halts. 

The  main  function  of  the  AP  control  memory  is  to  store 
the  assembled  .AP  application  programs.  AP  control 
memory  can  also  be  used  for  data  storage  and  to  act 
as  a buffer  between  AP  control  and  other  elements  of 
STARAN.  Since  the  AP  control  memory  is  not  an 
integral  part  of  the  associative  arrays,  AP  control 
can  overlap  the  AP  control  memory  cycle  time  with 
the  associative  array  cycle  time. 

AP  control  memory  is  divided  into  several  memory 
blocks.  One  small,  fast-memory,  called  the  page 
memory,  contains  the  current  (active)  AP  program 
segments.  Another  high  speed  memory,  the  High 
Speed  Data  Buffer  (HSDB),  may  contain  frequently 
used  data.  The  larger,  slower  bulk  core  memory  con- 
tains the  remainder  of  the  AP  program,  A program 
pager  is  included  in  STARAN  to  facilitate  transfer 
from  the  bulk  core  to  the  page  memory. 

l-iach  word  of  AP  control  memory  contains  32  bits  of 
either  data  or  instructions.  Bit  0 is  the  left  (most- 
significant)  bit,  and  bit  31  is  the  right  (least- signifi- 
cant) bit  of  each  word.  Each  word  is  given  a 16-bit 
address  expressed  in  hexadecimal  notation. 

The  major  function  of  AP  control  is  to  control  the 
STARAN  associative  arrays,  AP  control  fetches  in- 
structions from  the  AP  control  memory.  A l6-bit 
program  counter  contains  the  address  of  the  instruction, 
while  a 32-bit  instruction  register  contains  the 
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instruction  itself.  jme  instructions  perform  array 
operations,  while  others  perform  AP  control  functions. 
Internal  control  registers  affect  operations  and  other 
elements  of  the  STARAN  system. 

The  associative  arrays  are  the  heart  of  the  STARAN 
system.  There  may  be  a maximum  of  32  arrays  in 
one  system.  E'ach  associative  array  contains  a multi- 
dimensional-access (MDA)  memory  with  65,  536  (2  ) 

bits  of  storage.  The  256  response- store  elements  in 
each  associative  array  allow  array  data  to  be  searched, 
restructured,  and  processed  at  a fast  rate.  The  array 
memory  is  arranged  in  256  words  by  256  bits,  with 
loading  and  storing  permitted  in  either  the  vertical  or 
horizontal  direction  and  with  a maximum  of  2 56  bits 
per  array  transferred  in  a single  operation.  The 
multidimensional  access  feature  allows  data  to  be 
accessed  in  either  dimension  by  simply  changing  a 
bit  in  the  associative  instruction  format. 

Sequential  control  can  read  and  write  into  AP  control 
memory.  AP  control  memory  is  divided  into  groups. 
Each  group  contains  4096  32-bit  words  (16,  384  bytes). 

When  data  is  accessed  in  the  HSDB  memory  block, 
bulk  core,  or  through  DMA  interface,  data  flow  is 
from  AP  control  memory,  through  the  port  priority 
switch  logic  to  the  32-bit  sequential  processor  data 
bus;  through  the  sequential  processor  data  switch  to 
the  sequential  processor  interface,  and  finally  to  the 
UNIBUS  (or  in  reverse  order  if  data  is  being  written 
in  AP  control  memory). 
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U hcti  data  is  I raiis  t'e  i- red  from  tlu*  pa^'c  memory  block 
U)  llie  secj  luiil  lal  [irocessor,  it  is  transferred  from 
either  paK*’  •*,  paye  I,  or  L Ihrouyh  the  associated 

paiLje  memory  port  switch  to  th«‘  seqm-ntial  processor 
data  bus;  through  the  sequential  processor  data  switch 
to  the  sequential  processor  interface,  and  finally  to 
the  L'NIIJUS. 

Data  may  be  transferred  from  the  HSDB,  bulk  core, 
or  DMA  interface  portions  of  AP  control  memory  to 
anv  one  of  the  three  page  memories  via  the  32-bit 
program  pager  bus.  This  transfer  is  carried  out  under 
control  of  the  program  pager  independent  from  AP  con- 
trol operation.  Data  flow  for  this  type  of  transfer  is 
from  the  IISDI’.,  ljulk  core,  or  DMA  interface  portions 
of  AP  control  memory  through  the  port  priority  logic  to 
the  pager  get  bus;  from  the  pager  get  bus  through  the 
pager  put  bus  to  the  associated  page  memory. 

Various  data  transfers  may  take  place  between  AP  con- 
trol memory  (HSDB,  bulk  core;  and  DMA  interface) 
and  va  ious  control  registers  in  AP  control.  During 
a store''  operation  (data  transfer  from  a control 
register  to  AP  control  memory),  data  flow  is  from 
till-  affecteri  control  register  through  the  bus  shift 
logic  to  the  32-bit  AP  control  data  bus;  from  the  AP 
control  data  bus  through  the  port  priority  switch  to 
AP  eon- rol  memory.  During  a "load"  operation  (data 
transter  from  Al^  control  memory  to  a control  register), 
the  above  data  flow  is  reversed. 
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In  addition  to  the  data  transfer  described  above,  the 
32-hil  instruction  register  in  AP  control  may  be  loaded 
from  any  part  of  AP  control  memory  including  the  page 
memory  block.  Data  flow  for  this  operation  is  from 
AP  control  memory  through  the  port  priority  switch 
logic  (or  page  memory  port  switch  if  data  is  being 
transferred  from  the  page  memory  block)  to  the  32-bit 
AP  control  instruction  bus,  and  from  the  AP  control 
instruction  bus  to  the  instruction  register. 

External  function  commands  may  be  issued  by  AP  con- 
trol. Some  of  the  32-bit  instruction  words  which  are 
loaded  into  the  instruction  register  via  the  AP  control 
instruction  bus  and  AP  control  memory  contain  19-bit 
external  function  command  fields.  This  external  func- 
tion command  is  transmitted  to  the  external  function 
logic,  which  then  decodes  the  command  and  effects 
the  proper  AP  action. 

Various  32-bit  data  transfers  may  take  place  between 
AP  control  and  the  associative  arrays  via  the  32-bit 
common  register.  The  common  register  is  one  of 
the  AP  control  registers  and  may  be  loaded  from  an 
associative  array  or  from  AP  control  memory  or 
another  AP  control  register  through  the  bus  shift 
logic.  During  a "load  command  register"  instruction 
(data  transfer  from  associative  array  to  the  common 
register)  data  is  transferred  from  one  of  the  following 
sources  as  specified  by  the  associative  instruction: 

1)  A bit  slice  containing  one  bit  from  each  of  the 
32  words  in  an  array  memory  field 
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A wf)  rd  slic«*  containing  ?<i  bits  in  one  array 
word  of  an  array  memory  field. 

1)  'I  he  contents  of  a 32 -bit  field  of  the  M Register 
t.VlA.SK) 

4)  The  contents  of  a 32 -bit  field  of  the  256-bit  X 
Registe  r 

5)  The  contents  of  a 32-bit  field  of  the  256-bit  Y 
Registe  r 

A 256-bit  word  is  transferred  from  its  source,  through 
the  arrav  flip  network  (which  may  flip,  mirror,  or 
shift  it  in  various  ways),  through  the  array  group  fan- 
in/fan-out  logic,  through  the  main  group  fan-in/ fan-out 
logic  to  the  common  register.  The  fan-in/ fan-out  logic 
modules  transmit  only  the  most  significant  32-bit 
positions  (after  permutation  by  the  flip  network)  to  the 
common  register.  The  flip  network  is  controlled  by 
the  associative  instruction  effecting  the  transfer. 

I hrough  utilization  of  the  flip  network,  any  32-bit  field 
in  the  256-t)it  data  word  may  be  transferred  to  the 
< ommon  registe  r. 

Data  flow  is  reve-rsed  during  a "store  common  register 
instruction  (data  transfer  from  the  common  register  to 
an  associative  array).  In  this  case,  the  fan-in/ fan-out 
logic  modules  apply  the  contents  of  the  32-bit  common 
register  to  bit  positions  0 through  31  of  the  flip  net- 
work input,  and  pad  bit  positions  32  through  255  with 
zeroes.  The  destination  of  the  resulting  256-bit  word 
may  Ije  one  of  the  following  depending  on  instruction 
format: 
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1)  A bit  h1ic«  containing  one  bit  from  each  of  the 


STARAN 
SYSTEM  I/O 
INTERFACE 


Z5f  words  in  array  memory 

2)  A word  slice  containing  all  256  bits  in  one 
array  word 

3)  The  M Register  (MASK) 

4)  The  Y Register,  which  may  combine  it  logically 
with  the  current  contents  of  Y register 

5)  The  X Register,  which  may  combine  it  logically 
with  the  current  contents  of  the  X register  or 
with  the  contents  of  the  Y register  to  modify 
the  contents  of  the  X register 

Interface  to  the  STARAN  system  is  through  one  or 
more  of  the  following  l/O  channels: 

1)  Direct  Memory  Access  (DMA).  This  l/O  chan- 
nel can  provide  the  STARAN  system  access  to 
an  external  memory. 

2)  Buffered  Input/Output  (BIO).  This  l/O  channel 
can  provide  an  external  processor  with  access 
to  AP  control  memory. 

3)  Parallel  Input/Output  (PIO).  This  l/O  channel 
permits  direct  access  to  the  associative 
array(s)  in  the  STARAN  system. 

4)  External  Function  (EXF).  The  EXF  interface 
permits  the  STARAN  system  to  exercise  con- 
trol over  an  external  processor,  or  vice-versa. 

Figure  B-2  shows  the  data  and  control  functions  which 
comprise  each  of  the  above  l/O  channels.  The  origina- 
tion of  data  and  control  functions  for  each  l/O  channel 
is  also  indicated  in  figure  B-2. 
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Figure  B-2.  STARAN  System  Interface 
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In  addition  these  l/O  channels  which  interface  the 
STARAN  system  to  an  external  environment,  the  SP 
ftNIBUS  interface  provides  the  associative  processor 
access  to  the  sequential  processor  and  any  peripherals 
which  interface  via  the  SP  IJNIBUS.  Various  periph- 
erals such  as  a DECwriter,  paper  tape  reade r/piuich, 
and  reader,  line  printer,  alphanumeric  CRT  display. 
Disk  Operating  System  (EXDS),  and  magnetic  tape  unit 
may  be  integrated  into  the  STARAN  system  via  the  SP 
UNIBUS. 


The  32-bit  (plus  parity)  Direct  Memory  Access  (DMA) 
channel  provides  STARAN  with  direct  access  to  an 
external  memory.  The  external  memory  unit  may  be 
a memory  unit  that  is  part  of  a host  computer  or  a 
stand-alone  memory  unit.  Data  transfers  into  or  out 
of  the  external  memory  are  initiated  by  and  carried 
out  under  .AP  control.  The  external  memory  may  be 
considered  an  extension  of  AP  control  memory  having 
hexadecimal  addresses  0800  through  7FFF.  All  ele- 
ments of  STARAN  that  can  access  AP  control  memor>' 
may  also  access  any  external  memory  unit  which  is 
interfaced  through  the  DMA  interface  channel. 

Figure  B-2  shows  the  data  and  control  functions  which 
comprise  the  DMA  interface  channel.  The  function, 
DMA  Address  Present  (DMA  AP),  originating  in  the 
associative  processor  initiates  all  data  transfers: 
the  function,  DMA  Address  Acknowledge  (DMA  AA), 
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The  DMA  ' write  ' operation  refers  to  the  transfer  of 
data  from  the  associative  processor  over  the  DMA 
interface  to  some  external  storat;e  device  (e.g. 
memory).  Figure  B-3  shows  the  timing  relationship 
between  data  and  control  functions  during  a DMA 
"write"  operation.  The  sequence  of  events  for  the 
DMA  "write"  operation  is  as  follows; 

1)  WRITE  DATA,  ADDRESS,  and  Write  Command 
(VVC)  raised  by  associative  processor, 

2)  Address  Present  (AP)  set  by  associative  pro- 
cessor 25  ns  (minimum)  after  (1). 

3)  Address  Acknowledge  (AA)  set  by  external 
memory  l/O  when  data  has  been  stored. 

a)  AP  reset  by  associative  processor  upon 
detection  of  AA;  WRITE  DATA,  ADDRESS, 
and  WC  lowered. 

b)  AA  reset  by  external  memory  l/O  w^hen  AP 
reset  detected. 
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Figure  B-3.  Timing  Relationships,  DMA  or  BIO  W rite  Operation 
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The  DMA  "read"  operation  refers  to  the  transfer  of 
data  from  an  external  storage  device  (e.g.  memory) 
over  the  DMA  interface  to  the  associative  processor. 
Figure  D-4  shows  the  timing  relationship  between  data 
and  control  functions  during  a DMA  "read"  operation. 
The  sequence  of  events  for  the  DMA  "read"  operation 
is  as  follows: 

1)  ADDRESS  raised  by  associative  processor. 

2)  Address  Present  (AP)  set  by  associative  pro- 
cessor 25  ns  (minimum)  after  (1). 

3)  READ  DATA  raised  by  external  memory  l/O 
when  read  request  honored. 

4)  Data  Present  (DP)  set  by  external  memory  l/O 
when  READ  DATA  has  stabilized. 

5)  Data  Acknowledge  (DA)  set  by  associative  pro- 
cessor when  data  has  been  read. 

a)  DP  reset  by  external  memory  l/O  upon  de- 
tection of  DA;  READ  DATA  made  inactive. 

b)  DA  reset  by  associative  processor  when  DP 
reset  detected. 

o)  Address  Acknowledge  (AA)  set  by  external 
memory  l/O. 

a)  AP  reset  by  associative  processor  upon  de- 
tection of  AA;  ADDRESS  made  inactive. 

b)  AA  reset  by  external  memory  l/O  when  AP 
reset  detected. 
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Interface 

Description  access  to  certain  portions  of  AP  control  memory  (viz, 

the  HSDB  and  bulk-core)  and  any  external  memory 
interfaced  through  the  DMA  interface  channel.  Data 
transfers  into  or  out  of  AP  control  memory  are  initiated 
and  carriefl  out  under  control  of  the  external  processor, 

1 hrough  ustr  of  the  BIO  interface,  an  external  proces- 
sor and  the  AP  can  share  portions  of  AP  control 
memory  and  any  external  memory  interfaced  through 
the  DMA  channel.  Figure  B-2  shows  the  data  and  con- 
trol functions  which  comprise  the  BIO  interface  chan- 
nel, These  functions  are  identical  to  those  which 
comprise  the  DMA  interface  channel;  however,  the 
origin  of  each  BIO  function  is  opposite  to  that  shown 
for  the  DMA  interface  since  control  of  data  transfer 
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is  external  to  the  AP.  The  function,  BIO  Address 
Present  (BIO  AP),  originating  in  the  CIOU  initiates 
all  data  transfers;  the  function,  BIO  Address  Acknowl- 
edge (BIO  AA),  originating  in  the  associative  processor 
ternninates  all  data  transfers. 

The  256 -bit  wide  Parallel  Input/Output  interface  pro- 
vides access  to  each  of  the  256-bit  x 265-word  associa- 
tive arrays  used  in  a particular  STARAN  system.  Each 
PIO  channel  connects  the  CIOU  to  one  associative  array 
through  a 256-bit  port.  Addressing  of  the  arrays  may 
be  carried  out  in  the  word  mode  or  in  the  bit-slice 
mode.  The  array(s)  which  are  to  participate  are 
enabled,  and  the  array  address  is  set  up  prior  to 
initiation  of  each  data  transfer. 

The  data  functions  which  comprise  the  PIO  interface 
for  an  associative  array  are  shown  in  figure  B-2. 
Addressing  and  control  of  the  array  during  a PIO  data 
transfer  is  accomplished  via  an  array  control  port  by 
the  AP  mainframe  or  the  CIOU. 

The  Sequential  Processor  (SP)  UNIBUS  provides  the 
interface  required  to  the  associative  processor  and  to 
the  peripheral  units  which  utilize  it.  The  UNIBUS,  its 
function,  and  the  timing  relationships  between  UNIBUS 
signals  are  described  herein.  Interface  between  the 
SP  UNIBUS  and  the  associative  processor  is  accom- 
plished by  the  sequential  processor  interface  and  the 
sequential  processor  data  switch  logic  modules  located 
in  the  control  logic  cabinet. 
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1 lu‘  sequential  processor  interface  functions  as  a 
"device  controller"  for  the  associative  processor. 

This  interface  j»enerates  control  signals  required  for 
communication  on  the  UNIBUS. 

The  sequential  processor  data  switch  controls  the 
transfer  of  data  from  various  elements  of  the  associa- 
tive processor  (viz,  AP  control  memory,  certain  AP 
control  registers,  and  the  AP  instruction  register)  to 
the  sequential  processor  UNIBUS  in  the  form  of  16-bit 
data  words.  It  also  controls  the  transfer  of  16-bit  data 
items  from  elements  of  sequential  control  to  either  the 
32-bit  AP  control  memory  (HSDB,  bulk  core,  or  DMA 
interface)  or  to  EXF  logic  in  the  form  of  19-bit  EXF 
function  commands. 

All  communication  between  the  sequential  processor, 
associative  processor,  and  certain  peripherals  is 
accomplished  on  a single  high  speed  bus  called  the 
UNIBUS.  The  UNIBUS  is  a single  common  path  that 
connects  sequential  processor,  SP  memory,  associative 
processor  and  any  peripher?!  device  which  utilizes  it. 
The  form  of  communication  is  the  same  for  every  de- 
vice on  the  UNIBU.S. 

Communication  between  two  devices  on  the  UNIBUS  is 
in  the  form  of  a "master-slave  " relationship.  During 
any  bus  operation,  one  device  has  control  of  the 
UNIBU.S.  This  device,  the  bus  master,  controls  com- 
munication between  itself  and  another  device  on  the 
UNTBUS  called  the  slave. 
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A priority  structure  determines  which  device  obtains 
control  of  the  UNIBUS.  Every  device  on  the  UNIBUS 
capable  of  becoming  bus  master  has  an  assigned 
priority.  Each  control  signal  issued  by  the  master 
device  must  be  acknowledged  by  a response  from  the 
slave  to  complete  a transfer. 

The  request  and  granting  of  bus  mastership  is  per- 
formed in  parallel  with  data  transfers  on  a completely 
independent  set  of  bus  lines.  Thus,  while  one  device 
is  using  the  bus,  the  next  request  is  being  checked  for 
priority  and  the  next  user  is  being  assigned. 

When  a device  other  than  the  sequential  processor 
gains  control  of  the  bus,  it  uses  the  bus  to  perform 
either  a data  transfer  or  an  interrupt  request  as 
described  in  the  following  paragraphs. 

Direct  memory  or  device  access  data  transfers  can 
be  accomplished  between  any  two  devices  without 
sequential  processor  supervision.  These  are  called 
NPR  level  data  transfers.  Normally,  NPR  transfers 
are  made  between  SP  memory  and  the  associative 
p roces  so  r . 

During  NPR  transfers,  it  is  not  necessary  for  the 
sequential  processor  to  transfer  the  informaton 
between  the  SP  memory  and  the  associative  processor. 
The  bus  structure  enables  device-to-device  transfers, 
thereby  allowing  controllers  to  directly  access  other 
devices  on  the  bus. 
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• • Interrupt 
Requests 


• UNIRUS 
De  sc  ription 


An  N PJ<  device  |)r(»vifU's  extremely  fast  access  to  the 
ljus  and  can  transfer  data  at  high  rates  once  it  gains 
control.  The  sequential  processor  state  is  not  affected 
by  this  type  of  transfer;  therefore,  the  sequential  pro- 
cessor can  relinquish  bus  control  while  an  SP  instruc- 
tion is  in  progress.  This  release  of  the  bus  can  normal- 
ly occur  at  the  end  of  any  bus  cycle.  An  NPR  device  in 
control  of  the  bus  can  transfer  16-bit  words  or  8-bit 
bytes  to  memory  at  the  same  speed  as  the  memory 
cycle  time. 

Devices  that  gain  bus  control  with  one  of  the  bus  re- 
quest lines  can  request  an  interrupt.  The  entire  SP 
instruction  set  is  then  available  for  manipulating  data 
and  status  registers.  When  a device  is  to  be  run,  the 
task  being  performed  by  the  sequential  processor  is 
interrupted,  and  the  sequential  device  service  routine 
is  initiated.  After  the  device  request  has  been  satisfied, 
the  sequential  processor  returns  to  its  former  task. 

Note  that  interrupt  requests  can  be  made  only  if  bus 
control  has  been  gained  through  a BR  priority  level. 

An  NPR  level  request  cannot  be  used  for  an  interrupt 
request. 

The  SP  UNTBUS  consists  of  56  signal  lines.  All  de- 
vices on  the  SP  UNIRUS  including  the  associative  pro- 
cessor are  connected  to  these  lines  in  parallel.  All 
signals  on  the  SP  UNTBUS  are  asserted  when  at  the 
logical  ”0'  level  except  for  the  bus  grant  lines. 
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Forty  bidirectional  bus  lines  are  used  for  data  transfer. 
In  a data  transfer,  one  device  on  the  SP  UNIBUS  is  "bus 
master"  and  controls  the  transfer  of  data  to  or  from 
another  device  on  the  SP  UNIBUS  called  the  'slave'. 

The  forty  data  transfer  lines  consist  of  the  following: 

1)  Data  (POP  through  D15).  The  16  data  lines  are 
used  to  transfer  16-bit  SP  data  words  between 
master  and  slave. 

2)  Address  (AOO  through  D17).  The  18  address 
lines  are  used  by  the  master  to  select  a unique 
SP  memory  location  or  the  device  register  of 

a slave  with  which  it  will  communicate. 

3)  Control  Signals.  UNIBUS  control  signals  are 
divided  into  the  following  three  groups: 

a)  Control  Lines  (Cl  and  CO).  These  two  bus 
signals  are  coded  by  the  master  device  to 
control  the  slave  in  one  of  four  possible 
data  transfer  operations. 

b)  Master  and  Slave  Synchronization.  Master 
synchronization  (MSYN)  is  a control  signal 
used  by  the  master  to  indicate  to  the  slave 
that  address  and  control  information  is 
present.  Slave  synchronization  (SSYN)  is 
the  slave's  response  to  the  master  (usually 
a response  to  MSYN). 

c)  Parity  Bit  Low  (PA)  and  Parity  Bit  High  (BP). 
These  signals  are  for  devices  on  the  UNIBUS 
that  use  parity  checks.  PB  is  the  parity  of 
the  high-order  byte  (D08  through  D-15),  and 
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PA  is  the  parity  of  the  low-order  byte  (DOO 
through  D07). 


• • Priority 
T ransfer 
Lines 


The  UNIBUS  contains  13  priority  transfer  lines.  These 
signals  are  used  to  request  and  grant  control  of  the 
UNIBUS  and  include  the  following: 

1)  Bus  Request  Lines  (BR4  through  BR7).  These 
four  bus  signals  are  used  by  peripheral  devices 
to  request  control  of  the  UNIBUS. 

2)  Bus  Grant  Lines  (BG4  through  BG7).  These 
signals  are  the  sequential  processor's  response 
to  a bus  request.  They  are  asserted  only  at  the 
end  o!  instruction  execution,  and  in  accordance 
with  the  priority  determination. 

3)  Non- Proce s so r Request  (NPR).  This  signal  is 
a bus  request  from  a peripheral  device  to  the 
sequential  processor. 

4)  Non- Proce  sso  r Grant  (NPG).  This  signal  is  the 
sequential  processor's  response  to  an  NPR.  It 
occurs  at  the  end  of  a bus  cycle. 

5)  Selection  Acknowledge  (SACK).  SACK  is 
asserted  by  a bus- requesting  device  that  has 
received  a bus  grant.  Bus  control  passes  to 
this  device  when  the  current  bus  master  com- 
pletes its  operation.  (If  SACK  is  not  received 
by  the  sequential  processor  within  10  ms  of 
issuing  a bus  grant,  timeout  occurs  and  the 
bus  grant  is  cleared  automatically  by  the 
processor. ) 
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6)  Interrupt  (INTR).  This  signal  is  asserted  by 
the  bus  master  to  start  a program  interrupt  in 
the  sequential  processor. 

7)  Bus  Busy  (BBSY).  This  signal  is  asserted  by 
the  master  devices  to  indicate  bus  is  being  used. 


• • Miscellaneous 
Control  Lines 


There  are  three  additional  lines  on  the  UNIBUS  which 
may  be  used  by  all  devices.  These  control  lines  and 
their  mnemonics  are: 


ST ARAN 
SYSTEM 
PERIPHERALS 


1)  Initialization  (INIT). 

2)  AC  Line  Low  (AC  LO). 

3)  DC  Line  Low  (DC  LO). 

V'arious  optional  peripheral  equipment  may  be  integrated 
into  the  STARAN  system.  A detailed  functional  descrip- 
tion of  each  peripheral  utilized  in  a particular  STARAN 
system  will  be  contained  in  the  applicable  commercial 
manuals  supplied  with  that  system.  Optional  peripherals 
available  for  use  in  the  STARAN  system  include  the 
following : 

1)  DECwriter 

2)  Paper  Tape  Reader/Punch 

3)  Card  Reader 

4)  Line  Printer 

5)  Alphanumeric  CRT  Display 

6)  Disk-Operating  System  (DOS) 

7)  Parallel  Head  Disk  (PHD) 

8)  Magnetic  Tape  System 

Only  the  last  three  are  reviewed  here. 
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J'he  Disk  Operating;  System  (DOS)  typically  consists  of 
one  or  more  disk  drive  units  which  interface  to  the 
sequential  processor  UNIBUS  through  a disk  drive 
controller.  One  disk  drive  controller  could  typically 
provide  the  necessary  control  and  interface  for  eight 
(maximum)  disk  drive  units.  Four  disk  drive  units, 
the  disk  drive  controller,  and  necessary  power  supplies 
can  be  mounted  in  one  stand-alone  cabinet.  An  expand- 
ed system  containing  five  to  eight  disk  drive  units 
would  be  contained  in  two  stand  alone  cablinets.  The 
1X)S  option  provides  a complete  random  access  mass 
storage  system.  Large  data  blocks  such  as  system 
diagnostics  and  assembler  programs  can  be  stored  on 
disk,  accessed,  and  transferred  to  AP  control  memory. 

A typical  disk  drive  unit  would  use  a disk  similar  to  the 
IBM  2315  disk  cartridge  as  its  storage  medium.  The 
disk  cartridge  may  contain  approximately  200  access- 
ible cylinders  (tracks)  on  each  side  of  the  disk.  Each 
of  the  400  accessible  tracks  is  divided  into  twelve  30 
degree  sectors,  and  each  sector  can  store  256  words  o: 
1 tj  iiits  each, 

A single  disk  drive  unit  may  store  as  many  as  1.2 
million  16-bit  words.  Access  time  to  the  1X3S  is 
approximately  11.2  microseconds  once  a data  block 
transfer  has  been  initiated.  Two  movable  heads, 
which  fly"  above  and  below  the  rotating  disk  surface, 
are  used  by  the  disk  drive  unit  to  read  or  record  on 
one  of  the  400  accessible  data  tracks. 
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The  disk  drive  controller  functions  as  the  interface 
between  the  disk  drive  unit(s)  and  the  sequential  pro- 
cessor UNIBUS.  The  controller  must  convert  disk 
drive  serial  data  to  parallel  data  for  the  UNIBUS,  and 
vice-versa.  The  controller  can  typically  transfer  2^^ 
(maximum)  consecutive  words  without  reinitiation  or 
sequential  processor  intervention. 

The  Parallel-Head-Disk  (PHD)  option  provides  direct 
access  to  the  associative  arrays  in  a STARAN  system. 
Because  data  is  transferred  to  or  from  the  PHD  256 
bits  at  a time,  extremely  high  (512  million  bits/ sec) 
data  transfer  rates  may  be  realized.  This  peripheral 
option  may  be  used  in  high  speed  data  processing  sys- 
tems or  in  digital  video  systems  where  high  speed 
storage  and/or  retrieval  of  a large  data  base  is  re- 
quired. The  PHD  system  would  consist  of  the  PHD 
drive  and  its  associated  servo  unit,  controller,  and 
associated  power  supplies.  The  entire  system  can  be 
contained  in  one  stand-alone  cabinet.  The  PHD  option 
must  be  interfaced  through  a 256-bit  read/write  port 
in  the  CIOU  for  a particular  STARAN  system.  The 
256-bit  port  would  consist  of  separate  "read”  (data 
transfer  from  PHD  to  associative  arrays)  and  "write" 
(data  transfer  from  associative  arrays  to  PHD)  chan- 
nels. The  PHD  interface  also  provides  a "masked 
write"  capability  wherein  only  unmasked  bits  of  a 
256-bit  word  are  written  on  the  disk. 

The  storage  unit  for  the  PHD  system  would  typically 
be  a 12  inch  256-track  disk  similar  to  the  5250  disk 
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words  (256  bits/word)  per  second.  Storage  capacity 
of  the  disk  would  he  64,  000  words.  This  disk  itself 
contains  256  tracks  with  each  track  containing  approxi- 
mately 64,  000  hits.  Data  is  transferred  one  "sector" 
at  a time.  The  I^HD  system  would  allow  the  number  of 
sectors  per  disk  to  be  selectable  from  the  control  panel. 
The  sectors/ disk  ratio  may  be  approximately  250,  500, 

1 000,  2,  000  or  4,  000  resulting  in  words/ sector  of  256, 
128,  64,  32  or  16  respectively. 

A magnetic  tape  system  provides  the  means  to  store, 
access,  and  retrieve  large  data  blocks  for  use  in  the 
STARAN  system.  An  expanded  system  may  include 
one  or  more  magnetic  tape  transports  and  one  control 
unit  which  interfaces  the  tape  transports  to  the  sequen- 
tial processor  UNIBUS.  One  control  unit  may  provide 
control  and  interface  for  up  to  eight  transports.  The 
magnetic  tape  system  is  ideally  suited  for  writing, 
reading  and  storing  large  volumes  of  data  (6  million 
16-int  words  per  transport).  Typically,  the  tape 
transport  utilizes  two  10-1/2-inch  reels  to  move 
I ,'2 -inch  mylarhase  tape,  which  is  coated  on  one  side 
with  an  iron  oxide  composition,  past  a read/write  head, 
'I  he  magnetic  tape  may  contain  up  to  9 tracks,  eight  of 
which  are  used  for  data  transfer,  and  one  for  parity- 
check.  A maximum  of  800  8 -hit  characters  may  be 
stored  on  one  inch  of  the  magnetic  tape.  The  2400  feet 
(maximum)  of  magnetic  tape  are  organized  into 
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approximately  1500  "record  blocks"  with  each  record 
block  containing  from  2 words  to  4,  096  words  (16  bits/ 
word). 

Rewind  speed  for  the  tape  transport  is  approximately 
12-1/2  feet  per  second,  maximum.  The  data  transfer 
rate  for  the  system  may  be  as  high  as  18,  000  words/ 
second  once  a transfer  has  been  initiated.  This  trans- 
fer rate  is  realized  by  utilizing  the  Non- Proces sor 
Request  (NPR)  method  of  data  transfer  to  sequential 
control  memory  locations  and  vice-versa. 
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APPENDIX  C 


RELIABILITY  DOCUMENTATION 

The  documentation  presented  here  consists  of  various  tables,  programs, 
modeling  block  diagrams,  and  other  related  background  or  reference  material 
on  which  the  reliability  analysis  of  the  mass  memory  has  been  based,  or 
which  aid  in  the  various  mathematical  calculations. 
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Mature  MOS  Memory  Chip  Active  Failure  Rates  In  Ground  Benign  Environment 
(production  screening  to  Mll-M-38510,  class  B) 
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Nature  MOS  Meaory  Chip  Active  Failure  Rates  in  Ground  Fixed  Environment 
(production  screening  to  Mil-M- 38510,  class  8) 


Mature  MOS  Maaory  Chip  Active  Failure  Rates  In  Airborne  Inhabited  Envlronaent 
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HP-25  PROGRAM  FOR  MOS  MEMORY  CHIP  ACTIVE  FAILURE  RATE 

COMPUTATION 


Step 

Function 

Ope  ration 

Step 

Function 

Ope  ration 

No. 

Name 

Note 

No. 

Name 

Note 

STOP 

X displayed 

25 

g e* 

1 

1 

26 

• 

wm 

4 

T.  increment 

27 

1 

J 

STO 

28 

X 

■ 

1 

29 

2 

2 

T.  upper  bound 

30 

g NOP 

w • V product 

6 

31 

g NOP 

■ 

RCL 

T.  value 
J 

T.  bound  test 
} 

32 

X 

8 

£ X <y 

33 

RCL  3 

1.99 

9 

CTO  15 

34 

X 

10 

2 

1 

B increment 

35 

RCL  4 

B value 

‘1 

STO  X4 

36 

RCL  5 

0.603 

12 

2 

37 

t * 

f y 

13 

5 

T.  initialize 

J 

38 

X 

14 

STO  ^ 

39 

RCL  4 

B value 

15 

f PAUSE 

T^  displayed 

40 

£ PAUSE 

B displayed 

16 

2 

41 

RCL  6 

0.  644 

17 

7 

42 

f y 

18 

3 

43 

RCL  7 

0.  56 

19 

+ 

44 

X 

20 

g l/x 

45 

2 

21 

RCL  1 

1/298 

46 

g NOP 

• JT  • JT 

L Q E 

22 

- 

47 

g NOP 

23 

RCL  2 

-8121 

48 

X 

24 

X 

49 

+ 

X result 

P 
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Notes; 


(1)  Sporific  program  values  given  for  and  Jr  * products 

w L Q £ 

are  based  on  assumptions  of  mature  device  production  (jr  =1). 

£ 

Mil-M-38510,  class  B device  procurement  qualification  screening 

(JT  = 2),  and  ground  fixed  type  environment  (Jr  =1). 

U £ 

(2)  To  execute  program,  the  following  parameters  are  stored  in  stack 


Hegister  0 - initial  value  - 10*C  - 

Register  1-1  /298 

Register  2 - -8121 

Register  3 - 1 . 99 

Register  4 - initial  B run  value 

Register  5 - 0.603 

Register  6 - 0.644 

Register  7 - 0.  56 


successive  increments  of 
Tj  are  steps  of  +10*C 
up  to  +125®C  bound 

successive  increments  of 
B are  in  2X  multiples 
of  preceding  value 


(3)  X values  are  given  in  terms  of  failures/lO'  hours. 
P 
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HP-25  PROGRAM  FOR  BINOMIAL  EXPANSION  RELIABILITY 

COMPUTATION 


Function 

Name 

STOP 

STO  1 
2 

STO 

RCL  6 
STO  2 

1 

f X > y 

GTO  30 

STO  X2 

1 

f X yy 

GTO  l<t> 
STO 
RCL  d> 

g X < ^ 

GTO  29 

g X = ^ 

GTO  25 
RCL  2 
STO  3 
RCL  5 
GTO 


Operation 

Note 

R^  displayed 

Clear  2: 

Accumulation 

Register 

Initialize 
Factorial 
Tab  Register 

>7  value 

Loop  Entry 
Value 

Factorial 
Loop  Entry 
Value  Test 


Factorial 

Calculation 

Loop 


Tab  Increment 


Factorial 
Sto rage 
Tab  Test 


n ! value 
Tab  on  rj! 
p value 


Step 

Function 

Operation 

No. 

Name 

Note 

25 

RCL  2 

P!  value 

26 

STO  ^3 

Tab  of  (n!  /p!  ) 

27 

RCL  4 

(rj-p)  value 

28 

GTO  ^ 

29 

RCL  2 

(i7-p)!  value 

ju 

o i U ^ j 

LP!(n-p)!j 

31 

1 

32 

RCL  7 

R^  value 

33 

- 

(1-Re) 

34 

RCL  4 

(rj-p)  value 

35 

e X 

i Y 

36 

RCL  7 

R^  value 

37 

RCL  5 

p value 

38 

(Re)^ 

39 

X 

(Re)^O-Re)’’’^ 

40 

RCL  3 

Factorial  Term 

41 

X 

Partial  E 

42 

STO  +1 

Accumulated  E 

43 

1 

44 

STO  +5 

Index  Increment 

45 

STO  -4 

46 

RCL  4 

Calculation 

47 

g X 

Terminate 

48 

GTO  ^3 

Index  Test 

49 

RCL  1 

R value 
u 

Equation 

Computed 


: where 


= Unit  Reliability 
R^  = Element  Reliability 

t?  = No.  Elements /Unit 

k = Max  No  failed  elements 

permitted  before  a 
unit  becomes  useless 
p = summation  running  index 

Note:  To  execute  program,  register  stack  must  be  initially  loaded  as  follows: 
Register  7 - value  of  R 

e 

Register  6 - value  of  n 

Register  5 - initial  value  of  p;  i.  e.  , (t?-k)  value 
Register  4 - initial  value  of  (tj-p);  i.  e.,  k value 


Register  3 - J 

1 7 Clear  (These  registers  are  used  by  program,  so 

ister  0 f ^^anything  left  in  them  is  destroyed  by  run) 


"anything  left  in  them  is  destroyed  by  run) 


Note:  Factorial  portion  of  program  will  not  handle  value  of  rj  > 69  due  to 
register  overflow. 
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(DMU)  (FCUl 


(ACU2)  (PBU2I  (CIU2) 


A SYSTEM  VIEWED  AS  A FUNCTIONALLY  INTEGRATED  ENTITY 


(Ry) 


(DMU)  IFCUl  (ACU)  (PBUI  (CIU)  IMSUI 


B SYSTEM  AS  SEEN  INDIVIDUALLY  FROM  EITHER  PORT 


(FCUl  (ACU)  (PBU)  (CIUI  (MSUI 

118.21  118.21  I1&2I 


C SYSTEM  AS  SEEN  COLLECTIVELY  FROM  BOTH  PORTS 


76  0649  VA  17 


Alternate  Block  Diagram  Analysis  Perspective  of  Composite 
Mass  Memory  System  Reliability  Model 
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Alternate  Block  Diagram  Analysis  Perspective  of  Data  Management 

Unit  Reliability  Model 
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COMMON  I 

LOGIC  ' ' 

A.  PBU  VIEWED  AS  AN  INTEGRATED  ENTITY 


COMMON  BUFFER  BUFFER 

LOGIC  LOGIC  MEMORY 

B PBU  VIEWED  AS  A NONINTEGRATED  ENTITY 

76T)649-VA-19 


Alternate  Block  Diagram  Analysis  Perspectives  of  Port  Buffer 

Unit  Reliability  Model 
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UNIQUE 

LOGIC 


PLANE  STORAGE 

LOGIC  MODULE 


A MSU  VIEWED  AS  A FULLV  INTEGRATED  ENTITY 


I 

V 


E 

r= 


MEMORY 
PLANE  M l 


MEMORY 
PLANE  M 


COMMON  PORT  PLANE  STORAGE 

LOGIC  LOGIC  LOGIC  MODULE 

8 MSU  VIEWED  AS  A TOTALLY  NONINTEGRATED  ENTITY 

76  0649  VA  20 


Alternate  Block  Diagram  Analysis  Perspective  Extremes  for  Mass 
Storage  Unit  Reliability  Model 
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?.\xr.Q  1 gate  is  equivedent  to  4 transistors 
le  Tables  C-3  and  C-4  for  » & values. 


TABLE  C-3 

QUALITY  FACTORS  FOR  USE  WITH  TABLES  C- 1 AND  C- 


is  equal  to  1.0  under  all  production  conditions  not  stated  in  (1),  (2)  and  (3)  above. 


INTERRELATIONSHIP  OF  DATA  AND  PARITY  BITS 
FOR  HAMMING  CODES 


Max  Number 
Data  Bits 

2^-(N  + l ) 

Min  Number 
SEC  Parity 
Bits  (N) 

Total  Encoded 
SEC  Bits 

2^-1 

Min  Number 
SECDED 
Parity 
Bite  (N  + 1) 

Total  Encoded 
SECDED  Bits 

2^ 

1 

2 

3 

3 

4 

4 

3 

7 

4 

8 

11 

1 

4 

15 

5 

16 

! 

5 

31 

6 

32 

; 57 

1 

6 

63 

7 

64 

1 120 

7 

127 

8 

128 

247 

8 

255 

9 

256 

502 

9 

511 

10 

512 

1013 

i 

10 

1023 

11 

1024 

i 2036 

11 

2047 

12 

2048 

4083 

12 

4095 

13 

4096 

8178 

13 

8191 

14 

8192 

! 16369 

14 

16383 

15 

16384 

i 32752 

i 

i 

1 

15 

32767 

16 

32768 

i 

C-18 


I 


AF’PENDIX  I) 

MEMORY  TECHNOLOGY  REVIEW 


The  dissertations  contained  in  this  enclosure  provide  a guided  tour 
through  the  frequently  confusing  maze  of  alternate  memory  technologies. 

The  purpose  is  to  select  the  most  suitable  technology  for  use  in  large 
secondary  or  mass  memories,  and  to  demonstrate  the  basis  for  that  choice. 
To  achieve  this  end,  a process  of  elimination  is  employed  based  on  tradeoff 
comparisons  to  a set  of  guideline  requirements. 
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An  Kvaluation  Of  Memory  T ec  hnoloj>ii;a  For 
.Secondary  Ma.s.s  Memory  Applications 

Critical  computer  secondary  storage  applications,  such  as  those  typically 
existing  in  military,  DOD,  and  spacecraft  systems,  constitute  a major 
technical  challenge  to  memory  development.  The  combined  parameters  of 
large  capacity  and  high  performance  impose  restrictions  on  possible  imple- 
mentation technologies  and  on  the  designs  of  both  the  memory  system  and 
the  storage  components.  In  the  following  discussions,  an  overview  treat- 
ment is  given  first  to  technology  and  component  requirements.  Available 
and  emerging  technologies  are  then  examined  and  screened  on  the  basis  of 
gross  suitability.  Finally,  the  major  attributes  of  the  prime  contenders 
are  evaluated  and  compared. 

D.  1 SELECTION  GUIDELINES 

The  first  point  of  clarification  ihat  must  be  made  is  the  size  of  the 
storage  mechanism  inferred  by  the  terminology  "secondary"  or  "mass.  " 

At  times  there  has  been  a degree  of  confusion  on  this  point,  and  the  capacity 
boundaries  have  tended  to  both  deviate  from  one  memory  proponent  to  the 
next  and  shift  with  time.  To  correct  this  situation,  figure  D-1  sets  forth  a 
nomograph  of  unified  memory  storage  classifications  covering  both  struc- 
tural and  organizational  nomenclatures.  The  commonly  encountered 
structural  nomenclature  deals  exclusively  with  capacity  variations  in  terms 
of  total  bits  of  storage  (horizontal  axis  of  nomograph).  Organizational 
nomenclature,  conversely,  takes  into  account  not  only  the  bit  capacity  but 
also  the  grouping  of  data  into  commonly  addressed  blocks. 

Note  that  "block"  has  no  fixed  definition  insofar  as  tlie  number  of  data 
bits  it  must  contain.  In  different  system  situations,  it  has  been  variously 
referred  to  as  a word,  line,  byte,  slice,  field,  sector,  or  some  combina- 
tion thereof.  Its  absolute  minimum  and  maximum  boundaries  are  set  solely 
by  the  obvious  physical  restriction  that  a block  can  contain  neither  less  than 
one  bit  nor  more  than  all  of  the  bits.  Beyond  about  1 Kbit,  though,  a 
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Figure  D-1.  Unified  Memory  Classification  Nomograph 

practical  upper  boundary  is  generally  imposed  as  shown  by  implementation 
hardware  considerations. 

Assignment  of  the  organizational  classifications  follow  established  com- 
puter industry  practices.  Respective  regions  are  established  in  conformity 
with  best  engineering  judgement  of  both  present  and  future  structuring  of 
information  processing  equipment.  The  development  trend  line  is  based  on 
the  increased  use  of  parallelism  and  multiprocessor  computer  facilities  at 
higher  storage  capacities.  For  reference,  the  operational  mass  memory 
(MM)  requirement  established  by  RADC  for  their  STARAN*  associative 
array  processor  (AAP)  based  computer  complex  is  indicated.  This  particular 
multiprocessor  installation  presently  employs  four  (expandable  ultimately 
to  32)  concurrently  operable  associative  processors,  each  of  which  transacts 


STARAN  is  a trademark  of  Goodyear  Aerospace,  Akron,  Ohio. 
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logical  operations  on  blocks  of  data  containing  up  to  256  sequentially  ordered 
words  (or  bit  slices)  of  256  parallel  bits  each. 

Also  shown  in  figure  D- 1 is  the  storage  capacity  range  over  which  the 
nonvolatile  MNOS  technology  (which  will  be  reviewed  subsequently)  finds 
greatest  utility.  By  human  nature  and  obvious  self-serving  interests,  the 
author  is  admittedly  biased  in  favor  of  this  technology  base.  No  furtive 
effort  is  made  to  disguise  such  an  easily  recognizable  fact.  For  the  sake  of 
engineering  as  well  as  self-integrity,  though,  every  effort  has  been  made  to 
maintain  the  greatest  possible  degree  of  objectivity  and  equity  in  all  state- 
ments made  regarding  memory  alternatives  and  the  tradeoffs  among  them. 

Based  on  the  definitions  established  by  way  of  the  classification  nomagraph, 
it  is  seen  that  the  capacity  range  of  secondary  mass  storage  systems  extends 
from  10  K (or  about  10  ) bits  up  to  100  (slightly  over  10^^)  bits.  Further- 
more, from  consideration  of  the  organizations  of  memories  falling  in  this 
range  (i.  e.  , text  configurations),  the  format  for  data  access  is  determined 
to  be  a mixture  of  random  and  sequential  processes.  Structuring  of  the 
storage  medium  is  such  that  data  is  grouped  and  subgrouped  at  several 
different  levels,  in  a manner  analogous  to  subroutine  nesting  in  software 
programs.  Totally  random  access  to  single  bits  is  physically  impractical 
and  extremely  inefficient  timewise  when  transferring  large  quantities  of 
data  between  a main  CPU  or  primary  store  and  a secondary  or  backing  store. 
Accordingly,  access  is  accomplished  randomly  only  to  multiword  data 
blocks.  Within  a block,  access  operations  are  word  sequential  with  successive 
words  consisting  of  a number  of  bits  in  parallel. 

At  a rapidly  increasing  rate,  computer  complexes  are  being  expanded  to 
contain  a variety  of  processor  units.  In  some  cases  these  processors 
remain  independent.  In  others  they  may  be  pipeline  dependent,  or  else 
interconnected  via  a reconf igureable  communications  network.  Each  nor- 
mally possesses  its  own  local  or  working  store,  but  collectively  they  are 
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commonly  tied  in  to  a central  bulk  or  backing  store.  To  prevent  such  com- 
plexes from  becoming  bogged  down  in  access  functions,  the  latency  delay  of 
the  mass  memory  medium  — excluding  overhead  data  management  or  system 
bookkeeping  time  — generally  should  be  no  more  than  a few  tens  of  micro- 
seconds. Further,  once  the  setup  delay  to  the  first  word  in  a block  is 
completed,  the  word  serial  flow  rate  (reciprocal  data  rate)  of  the  accessed 
data  block  must  be  asynchronously  variable  from  a low-end  full  stop  condi- 
tion — such  as  may  occur  during  a system  interrupt  — to  a high-end  maxi- 
mum of  typically  < 200  nanoseconds/bit  {>  5 MHz)  over  each  parallel  bit 
channel  comprising  a data  word. 

When  a great  number  of  user  records  and  data  files,  some  of  which  may 
be  virtually  irreplaceable,  are  placed  in  a central  repository,  it  is  manda- 
tory that  this  memory  possess  high  reliability.  Extensive  and  varied  forms 
of  redundancy  are  commonly  inserted  in  these  memories  to  both  detect  the 
onset  of  failure  and  correct  certain  forms  of  transistory  errors,  thereby 
helping  to  ensure  the  continued  integrity  of  all  entered  data.  If  the  basic 
storage  medium  technology  contributes  sufficient  innate  reliability  as  a 
starting  baseline,  then  redundancy  techniques  prove  highly  successful  and 
quite  cost  effective.  However,  if  the  memory  technology  base  cannot 
supply  at  least  a 100-hour  unsupported  MTBF,  a crossover  point  is  quickly 
reached  beyond  which  breakdowns  become  so  frequent  and  intricate  to  repair 
that  a diminishing  return  is  realized  on  all  further  redundancy  bulwarking. 

An  additional  factor  that  must  be  taken  into  account  when  considering 
memory  integrity  is  the  volatility  of  the  storage  medium.  Since  it  is  next 
to  impossible  to  unequivocally  guarantee  uninterrupted  service  from  any 
prime  power  source,  either  the  memory  module  or  the  computer  system  in 
which  it  is  deployed  must  include  provisions  for  protecting  against  data 
losses  induced  by  any  form  of  power  line  transient  or  failure.  Further,  this 
protection  should  extend  over  a minimum  safety  margin  in  the  eventuality  of 
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a lenRlhy  power  loss.  Such  situations  typically  arise  as  a result  of  inten- 
tional power-downs  for  maintenance  or  the  occurrence  of  failures  during 
unattended  periods  of  operation. 

Limits  on  the  acceptable  power  drain  of  any  given  mass  memory  are 
heavily  dependent  on  the  application  environment  in  which  it  is  deployed. 

I here  exists,  at  one  end  of  the  scale,  a special  class  of  applications  for 
which  power  is  an  overriding  consideration.  Ln  those  instances,  permissible 
average  dissipation  levels  may  be  on  the  order  of  10  nanowatts/bit  or  less. 

At  the  opposite  end  of  the  spectrum,  certain  types  of  commercial  applica- 
tions place  very  little  premium  on  power  consumption.  The  only  considera- 
tion is  one  of  cost-of-ownership  in  buying  the  required  quantities  of  power. 

Up  to  100  microwatts/bit  could  be  tolerated  if  it  was  necessary  in  some 
cases.  For  a mid-range  mass  memory  having  a capcity  of  K bits  (i.  e.  , 

~ 10^  bits),  this  means  that  the  allowable  power  may  be  anywhere  between 
10  watts  and  100  kilowatts.  As  a working  base  from  which  valid  assess- 
ments can  be  made,  a mid-scale  dissipation  limit  of  1.0  microwatt/bit  can 
be  taken  as  generally  representative  from  the  family. 

Similarly,  the  purchase  price  which  a user  is  willing  to  pay  for  a secon- 
dary storage  unit  is  dictated  by  the  nature  of  his  application  and  the  economic 
resources  at  his  disposal.  Presently,  and  into  the  immediate  future  (up 
through  1980).  development  of  very  large  memories  will  initially  be  funded 
by  some  agency  of  the  government  or  the  armed  forces,  owing  to  the  high 
engineering  overhead  involved.  Once  these  nonrecurring  costs  are  paid, 
though,  commercial  end-users  generally  demand  that,  to  be  a viable 
com.mercial  commodity,  initial  procurement  costs  for  production  quantities 
of  any  basic  memory  module  must  be  no  greater  than  0.  1 cent/bit.  If  this 
is  not  possible,  then  the  memory  technology  will  not  be  widely  accepted. 

This  factor,  along  with  the  other  points  outlined,  is  summarized  in  the 
guideline  requirements  listing  of  table  D-1. 
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TABLE  D-1 


SECONDARY  MASS  MEMORY  GUIDELINE  REQUIREMENTS 


Characte  ristic 

Guideline  Value 

Storage  Capacity  Range 

7 12  , 

>10  to  < 10  bits/memory  module 

Data  Access  Format 

Random  to  multiword  data  block  and 
parallel-bit  word  serial  within  a block 

Access  Latency  Time 
(direct  memory  addressing) 

< 10  psec  to  first  parallel-bit  word  of  a 
multiword  data  block,  exclusive  of  system 
variable  address  control  overhead 

Accessed  Data  Flow  Rate 
(reciprocal  of  data  rate) 

< 00  to  > 200  nsec/bit  per  individual  bit 

channel,  unaided  by  time  interleaving  or 
multichannel  multiplexing 

Stored  Data  Integrity 
(volatility  of  stored  data) 

Intrinsically  protected  against  any  form 
of  power  transient  or  loss,  even  for 
periods  extending  to  several  days 

System  Reliability 

> 100-hr  MTBF,  exclusive  of  all  forms 
of  overhead  redundancy,  unless  they  are 
inherent  to  storage  medium 

Power  Consumption 

<1.0  pwatt/bit  on  full  module  basis 
(application  dependent  — up  to  two  orders 
of  magnitude  less  may  be  allowed  in 
some  cases) 

Cost  Potential 

< 0.  1 cent/bit  for  production  quantities  of 
commercial  grade  basic  storage  modules 
(excluding  application  unique  system  add- 
on circuitry  which  affects  pricing 
structure) 

Note-  Not  included  are  such  considerations  as  mass  (weight)  and  volume, 
which  are  critical  only  in  certain  situations. 

Furthermore,  specific  attention  is  not  given  to  operating  environment 
factors  such  as  ambient  temperature,  shock,  and  radiation. 
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A nunibcr  of  factors  have  been  intentionally  excluded  from  the  list  of 
sec  ondary  storane  s«dec  tion  miiflelines,  Amomt;  these  are  such  items  as 
mass  (weight)  atul  volunun  Although  obviously  extremely  critical  in  certain 
areas  (such  as  fliuht  systems),  the  variance  in  these  parameters  is  too 
heavily  influenced  by  external  factors  to  assign  meaningful  screening  limits. 
For  purposes  of  first-order  technology  evaluation,  specific  attention  is  also 
not  given  to  the  ultimate  operating  environment.  Under  this  category  are 
end-use  considerations  of  ambient  temperature,  humidity,  shock,  vibration, 
acceleration,  radiation,  etc.  It  is  tacitly  assumed  that  specialized  packaging 
could  be  employed  to  overcome  any  problems  in  these  areas.  Finally, 
intrinsic  error  rate  capabilities  have  been  ignored.  Current  trend  in  com- 
puter memories  calls  for  a soft  error  rate  of  no  more  than  10  errors/bit 
processed.  Crror  correction  techniques  are  commonly  applied  to  depress 
the  error  rate  below  this  level  whenever  necessary. 

D.  2 PREUIMfx\ARY  SCREENING 

Almost  every  physical  phenomenon  which  exhibits  two  or  more  stable 
states  has  been  considered,  at  one  time  or  another,  as  a possible  memory 
technology.  An  exhaustive  survey  of  all  spurious  attempts  at  memory 
realization  is  obviously  beyond  the  intent  of  the  present  review.  Still,  it 
seems  desirable  to  begin  by  "casting  a wide  net.  " Accordingly,  table  D-2 
presents  the  full  list  of  plausible  technologies  identified  during  a broad 
ranging  literature  search.  Included  here  is  every  major  implementation 
approach  to  suitably  sized  memories  found  to  have  been  mentioned  in  the 
open  literature  which  is  either  under  active  development  or  in  production. 

In  certain  cases,  the  level  of  effort  in  a particular  technology  area  is  very 
low  keyed,  or  it  is  being  pursued  principally  for  an  application  other  than 
its  use  as  a storage  medium. 
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TABLE  D-2 

MEMORY  TECHNOLOGY  SHOPPING  LIST 


Generic  Class 

Technology 

Ac  ronyms 

Maf^netic  s 

Fixed  Head  Drum 

DRUM 

Fixed  Head  Disc 

FHD 

Moving  Head  Disc 

DISC 

Tape  Recorder 

TAPE 

Ferrite  Core 

CORE 

Plated  Wire 

WIRE 

Closed  Flux 

CFM 

Oligatomic  Film 

OFM 

Ferromagnetic  Film 

GROSSTIE 

Domain  Wall 

DYNABIT 

Domain  Tip 

DOT 

Magnetic  Bubble  Domain 

MBD 

Semiconductor 

Metal  Oxide  Semiconductor 

MOS 

Complementary  MOS 

CMOS 

Beam  Addressed  MOS 

BEAMOS 

Nitride  Interfaced  MOS 

MNOS 

Alumina  Interfaced  MOS 

MAOS 

Silicon  On  Sapphire 

SOS 

Charged  Coupled  Device 

CCD 

Integrated  Injection  Logic 

I^L 

Bipolar  Semiconductor 

BIPOLAR 

Amorphous  Semiconductor 

OVONIC 

Ferroacoustics 

Magnetostrictive  Wire 

FAME 

Magnetostrictive  Film 

SONISCAN 

Surface  Wave  Delay  Line 

SAW 

Electrostatics 

Ferroelectric  Film 

MENTOR 

Storage  Tubes 

EBAM 

Optical 

Holographic  Storage 

- - 

Beam  Scanned 

-- 

Cryogenic 

Josephson  Effect 

JEM 
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Memory  lechnolonies  in  table  D-2  are  grouped  initially  according  to  their 
generic  c lass.  Specific  technologies  in  each  class  are  further  subgrouped 
according  to  similarities  in  either  their  storage  phenomena,  mode  of  opera- 
tion, or  device  fabrication  features.  I he  one  noticeable  exception  is  beam 
adfiressed  M(  >S  (lU'JAMC)S),  which  has  been  here  classified  as  a semiconductor 
technology.  It  actually  represents  a cross-breed,  encompassing  both  high 
vacuum,  hot  cathode  construction  and  monolithic  IC  wafer  processing. 

Equally  valid  arguments  can  thus  be  made  for  grouping  it  under  semicon- 
ductors or  with  storage  tubes  (like  EBAM)  under  electrostatics. 

The  generic  technology  classes  that  seem  most  promising  for  mass 

memory  applications  are  magnetics  and  semiconductor.  Optical  memories 

have  yet  to  reach  the  product  stage.  When  they  do  they  are  not  expected  to  be 

3 1 1 

competitive  much  below  a K (~  10  ) bit  level.  Cryogenic  approaches  are 

not  mature  and  do  not  seem  well  suited  to  secondary  stores.  The  ferro- 
acoustic  approaches  have  diverse  problems.  SAW  is  volatile  and  requires 
high  power,  FAME  offers  high  data  rates,  but  it  has  low  bit  density  and 
poor  reliability.  SONISCAN  fabrication  is  a complex  materials  and 
processing  problem,  and  development  has  been  discontinued.  Ferroelectric 
film  memories  are  being  investigated  by  several  firms,  but  evidence  of 
progress  significant  enough  to  warrant  serious  consideration  for  large 
memories  is  lacking.  Certain  storage  tube  approaches  have  recently 
experienced  a rebirth,  but  they  do  not  appear  to  offer  any  advantages  over 
the  BEAMOS  approach. 

Of  the  magnetic  technologies  a few  are  obviously  not  suitable.  The 
electromechanical  approaches  (DRUM,  FHD,  DISC,  TAPE)  can  be  dropped 
from  consideration  immediately  because  of  the  access  time  requirement. 
Similarly,  DYNABIT  and  DOT  can  achieve  neither  the  access  time,  nor  the 
flow  rate  requirements.  CROSSTIE  is  too  immature  to  warrant  considera- 
tion. rhis  leaves  five  plausible  magnetic  technology  candidates:  ferrite 
core,  plated  wire,  closed  flux,  oligatomic  film,  ant.  magnetic  bubble  domain. 
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Core  and  plated  wire  are  mature  technologies  with  limited  growth  poten- 
tial. They  have  not  been  applied  to  gigabit  systems  for  cost  reasons.  Core 
has  recently  achieved  0,  5 cents  per  bit  in  commercial  6 x 10^  bit  systems. 
Plated  wire  (2.  5 mil)  is  projected  at  2 cents  per  bit  if  volume  production  is 
achieved.  A ferrite  core  approach  to  secondary  memories  would  have 
difficulty  with  the  reliability  and  power  requirements.  A 2.  5-mil  plated 
wire  mass  memory  could  probably  achieve  the  performance,  power,  and 
reliability  objectives,  but  the  production  cost  potential  of  such  systems 
would  be  nearly  $20,  000,  000  per  unit. 

From  time  to  time,  various  developments  have  been  undertaken  to  achieve 
a planar  format  for  the  plated  wire  type  of  memory.  The  motivation  for 
planar  film  approaches  is  potential  cost  and  size  savings.  These  magnetic 
film  technologies  store  and  retrieve  information  by  domain  rotation  in  an 
anisotropic  media  similar  to  plated  wire.  They  differ  from  plated  wire  in 
fabrication  processes  and  equipment  requirements.  Generally,  planar  film 
developments  have  encountered  serious  problems  in  reduction  to  practice. 
i Many  different  firms  have,  however,  embraced  particular  schemes  and 

performed  exploratory  R&D. 

Closed  flux  (CFM)  and  oligatomic  film  (OFM)  are  the  planar  equivalents 
of  plated  wire.  The  literature  is  unclear  as  to  the  current  development 
status  of  the  technologies.  Manufacturing  feasibility  of  CFM  was  being 

explored  at  Ampex  Corporation  under  Navy  funding.  Arrays  with  5,  000 

2 2 
bits/in.  have  been  demonstrated,  with  a potential  of  10,000  bits/in.  being 

claimed.  In  a CFM  version  of  a secondary  mass  memory,  performance 

and  reliability  goals  could  probably  be  met.  Developmental  units  described 

by  Ampex  required  about  70  microwatts/bit  when  active.  Although  this  is 

much  too  high  to  achieve  the  stipulated  goal  directly,  it  may  be  possible  to 

take  advantage  of  the  nonvolatility  of  their  storage  and  apply  power  switching 

to  lower  the  power  requirement.  No  cost  data  is  available,  but  certainly 
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an  improvement  over  plated  wire  is  expected.  Information  on  the  related 
OFM  approach  is  very  sparse.  UMIV'AC  has  been  working  on  OFM  but  to 
date  is  known  only  to  have  demonstrated  the  feasibility  of  individual  elements 
for  a memory  system.  One  would  expect  the  OFM  approach  to  have  much 
the  same  characteristics  and  capabilities  as  CFM. 

1 he  magnetic  bubble  domain  (MBD)  approach  is  the  only  nonelectro- 
mechanical magnetic  technology  with  the  potential  of  realizing  mass  memory 
size  storage  systems  at  reasonable  cost.  The  primary  advantage  of  MBD 

is  potential  high  bit  density  per  chip.  Devices  containing  on  the  order  of 
2.  5 

100  K (>  1 0 ) bits  are  under  development.  The  major  disadvantages  of 
MBD  are  slow  speed  and  the  fact  that  the  nonvolatility  of  MBD  is  dependent 
on  the  rotating  fields  being  shut  down  properly. 

From  the  vantage  point  of  a general  secondary  storage  application,  the 
performance  question  is  of  central  importance.  MBD  is  limited  to  various 
forms  of  shift  register  organizations.  This  necessarily  imposes  some 
rotational  latency.  A major-minor  loop  approach  requires  some  delay  in 
the  major  loop.  It  will  defnitely,  therefore,  be  a difficult  task  to  meet  a 
10-microsecond  access  delay  at  the  chip  level,  let  alone  at  the  module  level. 

Present  day  MBD  systems  operate  at  about  100  KHz.  Research  personnel 
claim  that  1 to  10  MHz  rates  will  be  achieved,  but  personnel  responsible 
for  system  design  note  that  300  KHz  is  closer  to  the  practical  maximum 
rate.  I'o  achieve  the  mass  memory  data  flow  specification,  some  form  of 
on-chip  and/or  off-chip  multiplexing  will  be  required.  No  doubt,  there 
are  choices  of  bubble  size,  detection  scheme,  and  number  of  I/O  terminals 
that  can  meet  the  requirement.  The  chip  design,  however,  must  also 
consider  the  system  factors  of  chips  per  field  coil  and  number  of  field 
coils  that  must  operate  simultaneously. 
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The  coil  driving  problem  of  MBD  becomes  difficult  at  higher  frequencies. 
In  particular,  to  prevent  data  storage  perturbations  it  is  necessary  that  all 
dynamic  fields  associated  with  an  MBD  system  be  deactivated  within  a 
narrow  ±5  degree  phase  angle  window.  This  is  a difficult  task  at  a field 
rate  of  100  kHz,  and  one  obviously  compounded  as  the  field  rate  and  drive 
current  levels  are  increased.  Also,  during  critical  field  shutdown,  an 
MBD  system  requires  some  form  of  supplemental  nonvolatile  storage  to 
remember  the  rotational  position  of  data  in  the  shift  register  so  that  subse- 
quent access  requests  retrieve  the  correct  block  of  data. 

If  one  assumes  that  these  difficulties  can  be  overcome,  it  is  of  interest 


to  predict  the  physical  features  of  an  MBD  realization  of  a 1 Gbit  (i.  e.  , 

3 

K bits)  memory  module.  Such  a unit,  if  based  on  the  use  of  64  Kbit  chips, 
could  be  built  in  approximately  7 cubic  feet  with  a weight  of  about  300  pounds. 
Given  that  MBD  devices  prove  to  be  producible  at  the  same  order  of  cost  as 
LSI  semiconductor  devices,  a production  system  price  on  the  order  of  0.07 
to  0.  10  cents/bit  may  be  achieved.  Power  requirements  will  depend  on  how 
the  multiplexing  is  performed  to  achieve  the  data  rate. 

The  semiconductor  technologies  offer  both  volatile  and  nonvolatile 
storage  media.  Of  the  nonvolatile  approaches,  only  three  are  capable  of 
fast  read  and  write:  MNOS,  MAOS,  and  BEAMOS.  Volatile  approaches  like 
MOS  and  CCD,  while  possessing  the  potential  of  realizing  mass  memory 
systems,  exhibit  marginal  at  best  reliability  and  power  characteristics. 

I he  combined  capacity  and  100-hour  MTBF  imply  constraints  on  bit  density 
per  component.  Figure  D-2  presents  the  results  of  an  approximate  analysis 
of  the  memory  chip  contribution  to  an  intermediate  sized  (1  Gbit)  mass 
memory  failure  rate  for  a nonredundant  system  configuration.  Chip  failure 
rates  were  estimated  using  MIL-HDBK-2 1 7B,  MOS  RAM  models,  based  on 


T^  (active)  = 40*C,  T^  (dormant) 


25° C,  and  a ground  fixed  environment. 
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Figure  D-2.  Memory  Chip  Contribution  to  Gigabit  Memory 
Module  Failure  Rate 


Nonvolatile  memory  components  are  shown  to  have  a significant  advan- 
tage from  a reliability  standpoint.  The  nonvolatile  components  are  assumed 
to  be  power  switched.  Only  those  devices  which  are  to  emit  or  receive 
data  have  voltages  applied.  Devices  which  are  powered  down  (dormant) 
enjoy  a reduced  failure  rate  because  no  electric  field  stresses  are  present. 
The  curve  for  volatile  memory  chips  is  simply  the  failure  rate  for  one 
chip  times  the  number  of  chips  in  the  complete  memory  module.  The 
curve  for  nonvolatile  chips  assumes  that  256  chips  must  be  energized  but 
that  all  other  chips  remain  dormant.  For  modeling  purposes,  the  failure 
rate  of  a dormant  chip  is  taken  as  1/10  that  of  an  active  chip  at  reduced 
junction  temperature.  A lower  bound  for  the  module  failure  rate  exists 
when  all  of  its  components  are  dormant.  This  state  is  the  antilog  of  the 
totally  active  state. 
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Up  to  a chip  size  on  the  order  of  128  Kbits,  the  failure  rate  of  the 
"partially  dormant"  nonvolatile  chip  memory  module  is  dominated  by  the 
contribution  of  the  dormant  rather  than  the  active  chips.  The  null  point 
which  shows  up  in  this  curve  is  influenced  by  both  the  total  module  capacity 
(which  modifies  the  chip  count)  and  the  number  of  devices  that  must  be 
powered  to  accomplish  memory  lO  operations.  The  fewer  the  number,  the 
lonKfr  the  partly  dormant  curve  remains  close  to  the  totally  dormant 
boundary  condition,  and  the  further  out  (toward  larger  chip  sizes)  the 
optimizing  null  point  shifts.  Under  the  stipulated  example  conditions,  the 
partly  dormant  and  totally  active  curves  merge  at  the  point  where  all  of  the 
chips  in  the  memory  must  be  active. 

t rom  this  analysis,  it  is  clear  that  volatile  memory  components  cannot 
meet  the  reliability  requirement  in  medium  to  large  mass  memories  without 
the  aid  of  redundancy  in  the  basic  storage  section.  Even  with  redundancy, 
a volatile  device  will  not  provide  the  same  level  of  reliability  as  an  equiva- 
lent nonvolatile  chip.  These  results  tend  to  indicate  that  volatile  technologies 
should  be  rejected  for  this  size  of  memory  on  reliability  grounds  alone. 

Doing  so  without  at  least  a cursory  review  of  their  other  characteristics  is 
somewhat  arbitrary,  however,  since  in  actual  practice  some  form  of  redun- 
dancy will  normally  be  employed.  The  effective  failure  rate  contribution  of 
the  storage  section  devices  will  thus  typically  be  significantly  lower  than 
either  of  the  nonredundant  curves  shown  indicates.  In  fact,  physical  con- 
straints arising  from  memory  component  count  and  module  labor  content 
frequently  prove  to  be  the  limiting  considerations  rather  than  the  MTBF  goal. 

Among  the  semiconductor  technologies,  BIPOLAR  is  the  oldest  and  most 

m*alure.  It  has  been  used  for  some  time  to  manufacture  small  memories. 

It  possesses  the  capability  of  high  speed,  but  also  exhibits  high  power,  low 

bit  density,  and  high  cost  per  bit.  BIPOLAR  memory  technology  is  therefore 

2 

not  suited  to  use  in  large  backing  stores.  Integrated  injection  logic  (I  L)  is 
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a recent  addition  to  the  semiconductor  family.  It  is  fundamentally  a 

BIPOLAR  technology  in  which  processing  has  been  simplified  through  the 

elimination  of  epitaxial  layers  and  the  exclusion  of  isolation  diffusions. 

I^L  promises  higher  bit  packing  densities  and  lower  speed-power  products 

than  its  predecessor.  Although  a number  of  major  semiconductor  houses 

2 

are  heavily  involved  in  investigating  I L devices,  the  technology  is  still  too 
immature  to  be  a serious  contender. 

Amorphous  (or  OVONIC)  semiconductor  devices  are  inherently  slow 
write  memories.  Because  of  the  read-mostly  nature  and  high  dissipation  of 
the  technology,  it  is'  rejected  for  high-speed  mass  memory  use,  Silicon-on- 
sapphire  (SOS)  technology  does  not  constitute  a stand-alone  approach  to 
memory  device  production.  SOS  processing  is  combined  with  a major  de- 
vice fabrication  technique,  such  as  CMOS  or  MNOS,  to  secure  dielectric 
isolation  of  the  individual  active  elements.  Its  major  assets  are  very  high 
radiation  resistance  and  rapid  recovery  from  high  radiation  exposure.  It 
is  unacceptable  for  large  memories  due  to  low  bit  density  and  high  cost  per 
bit  (resulting  from  complex  manufacturing  and  low  processing  yields). 

Characteristics  of  the  hybrid  BEAMOS  technology  are  mixed  in  their  fit 
to  mass  storage  applications.  To  date  the  feasibility  of  a 32  Megabit 
storage  tube  lias  been  demonstrated,  with  access  times  of  30  microseconds 
and  serial  bit  rates  of  10  MHz  claimed.  A tube  and  associated  electronics 
are  estimated  to  have  an  8,  000-hour  MTBF  (with  cathode  replacement  on  a 
maintenance  schedule).  Data  readout  is  not  completely  nondestructive. 
Disturbed  data  must  be  refreshed  after  approximately  100  reads.  Non- 
volatile retentivity  of  the  stored  data  is  adequate  for  about  a month  of 
powered  down  dormancy.  Volume  costs  as  low  as  0.02  cents/bit  have 
been  projected. 


D-17 


The  BEIAMOS  approach  (as  developed  principally  by  General  Electric) 

appears  to  be  capable  of  realizing  large,  low-cost  storage  systems;  but  the 

single  serial  bit  channel  nature  of  its  output  seriously  hampers  its  use  in 

secondary  stores  calling  for  the  transfer  of  data  words  having  many 

3 

parallel  bits.  For  example,  32  tubes  could  provide  a Gigabit  (K  bits)  of 
storage  and  an  I/O  flow  rate  of  100  nanoseconds/bit  in  each  of  32  simul- 
taneous bit  streams.  A minimum  of  128  tubes  (allowing  for  a 2;  1 external 
circuitry  multiplexing  factor)  would,  however,  have  to  be  deployed  to  estab- 
lish a 256  parallel  stream  interface  with  all  streams  flowing  at  200  nano- 
seconds/bit. Since  all  tubes  would  have  to  be  continuously  powered  in  this 
case,  no  dormancy  related  improvement  in  their  composite  reliability 
could  be  realized.  By  component  capacity  and  lO  structure,  these  devices 
more  aptly  belong  in  the  tertiary  memory  size  classification;  but  their 
qualified  nonvolatility  makes  them  totally  unsuited  for  such  uses. 

Of  the  remaining  semiconductor  technologies,  all  are  based  on  field 
effect  structures  of  one  form  or  another.  MOS  (metal-oxide-semiconductor) 
is  the  grandaddy  of  them  all.  Both  p-channel  and  n-channel  memory  devices 
in  static  as  well  as  dynamic  form  and  in  sizes  up  to  4 Kbits/chip  are 
presently  in  widespread  use.  Units  of  l6  Kbits  are  expected  to  become 
commonplace  by  1980,  with  still  higher  capacities  following  soon  thereafter. 
These  devices  have  access  times  ranging  from  about  100  to  800  nanoseconds 
and  cycle  times  on  the  order  of  200  nanoseconds  to  over  1 microsecond. 

They  are  conventionally  configured  to  provide  totally  random  access  by  bit 
or  word  (2  to  4 parallel  bits)  rather  than  block  oriented  accesses.  Nothing 
in  the  storage  media  design  or  fabrication  prevents  such  structuring, 
however,  should  there  be  sufficient  economic  demand  for  it. 

Bit  density  capabilities  of  dynamic  MOS  memory  chips  based  on  single 
transistor  (IT)  memory  cell  designs  are  adequate  for  production  of  very 
large  systems.  The  only  technology  typically  exhibiting  a better  density 
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I al)le  l)-  i shows  how  the  most  widely  recognized  semi- 


I oiuhu  tor  .itifl  (lie  one  plausible  nonseniiconductor  (MIM))  memory  technologies 

stack  up  in  this  category.  The  data  in  this  table  is  based  on  the  correlated 

findings  of  a broad  ranging  NASA  study  and  an  lELE  Press  publication  on  the 

1,  2 

MBD  technology.  ’ Principal  drawbacks  to  the  use  of  either  the  CCD  or 
MOS  technologies  are  the  volatility  of  stored  data,  the  resulting  marginality 
in  large  memory  module  reliability,  and  the  relatively  greater  amount  of 
system  support  electronics  (compared  to  static  or  nonvolatile  approaches) 
necessary  to  ensure  continuous  refreshing  of  dynamic  memory  cells. 


TABLE  n-3 

SrORAGE  CELL  SI/.ESOE  ESTABLISHED  MEMORY  TECHNOLOGIES 
GIVEN  COMMON  PIIOI  OLITHOGRAPllY 


Technology  Base 

Relative  Cell  Size 

CCD 

(Dynamic  3 phase) 

0.  60 

MOS 

(Dynamic  IT) 

0.  80 

MNOS 

(Nonvolatile  2T) 

1.  00 

MBD 

(Nonvolatile  T-Bar) 

1.  45 

BIPOLAR 

(Static) 

9.  50 

CMOS 

(Static) 

1 

16.  00 

1.  NASA  Goddard;  "Camera  Memory  Study  for  Large  Space  Telescope, 
Final  Report;"  February  1975;  table  3-10,  p.  3-48. 

2.  Hsu  Chang,  editor;  Magnetic  Bubble  Technology;  IEEE  Press; 

New  York;  1975;  chap.  6,  sect.  6,  table  3,  p.  214. 
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Complementary  MOS  (CMOS)  memory  :itructures  are  based  on  the  use  of 
counter-balanced  p-channel  and  n-channel  transistors  on  a common  mono- 
lithic die.  Due  to  this,  it  is  a more  complex  technology  than  either  PMOS 
or  NMOS  alone.  CMOS  memory  cells  typically  include  8 transistors,  ; 

I 

(Consequently,  at  any  given  state  of  development,  larger  capacity  components 
will  be  available  with  standard  MOS  than  with  CMOS.  Low  dc  (quiescent) 
power  is  the  sole  unique  advantage  offered  by  CMOS.  Ln  all  other  respects 
it  constitutes  a poor  choice  for  secondary  storage  applications. 

Nitride  interfaced  MOS  (MNOS)  technology  also  involves  additional 
processing  steps  compared  to  standard  MOS  (8  to  10  versus  5 to  7, 
typically).  It  does  not,  however,  suffer  any  major  loss  in  memory  cell 
density,  MNOS  density  capabilities  based  on  single  transistor  (IT)  memory 
cells  are  in  fact  nearly  a factor  of  two  better  than  those  of  conventional 
dynamic  MOS  due  to  simpler  layout  geometries  (planar  rather  than  cross- 
sectional).  It  is  unfair  to  base  density  comparisons  on  a IT  cell  structure, 
though,  since  MNOS  device  designs  foundec.  on  IT  cells  have  proven  im- 
practical for  large  die  — sensitivity  to  processing  variations  leads  to  un- 
acceptably low  yields.  The  data  of  table  D-3  therefore  reflects  the  use  of  a 
differentially  matched  two-transistor  (2T)  MNOS  memory  cell,  as  originally 
developed  by  Westinghouse.  This  cell  configuration  has  demonstrated  high 

yields  in  production  runs,  exhibits  extremely  wide  operating  supply  margins, 

12 

and  withstands  greater  than  10  clear-write  operations  without  degradation. 

Structurally,  MNOS  devices  are  formed  as  a dual  dielectric  sandwich  of 
aluminum,  silicon  nitride  (Si^N^),  silicon  dioxide  (SiO^).  and  silicon. 
Memory  in  an  MNOS  transistor  is  produced  by  electric  field  induced 
t'^neling  of  charges  from  the  silicon  through  the  oxide  layer  to  trap  sites 
at  the  oxide-nitride  interface.  Stored  data  retention  capabilities  extend 
anywhere  from  several  months  to  many  years  depending  on  how  the  product 
pararrieters  are  tailored  during  manufacture.  Access  times  are  typically 
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on  the  order  o/  1 to  5 microseconds.  In  block-oriented  (BORAM)  configura- 
tions, MNOS  data  flow  rates  of  multichanneled  memory  chips  are  better 
than  200  nanoseconds/'bit/channel.  Write  times  commonly  used  with  2T 
MI^OS  memory  devices  range  from  50  to  200  microseconds.  Clearing  or 
erasue  of  blocks  of  stored  data  is  readily  accomplished  in  under  30  micro- 
seconds. 

\fNOS  devices  easily  meet  the  mass  memory  performance  requirements. 
Power  drain  of  an  MNOS  memory  module  in  most  installations  can  be  ex- 
pected to  be  an  order  of  magnitude  lower  than  that  allowed.  Using  redun- 
dancy, an  effective  MTBF  of  10,  000  hours  should  be  realizable  in  a mid- 
sized (K^  bits)  module.  If  an  optimally  packaged  memory  of  this  capacity 

were  fabricated  using  64  Kbits  MNOS  chips,  the  module  would  occupy 
3 

approximately  3 ft  and  would  weigh  roughly  200  pounds.  Final  system 
prices  of  0.  08  to  0.  1 0 cents/bit  for  production  quantities  should  be  readily 
achievable. 

A variety  of  other  approaches  to  nonvolatile  semiconductor  memories 
have  been  proposed  and  fabricated  in  limited  quantities.  One,  referred  to 
as  FAMOS  (floating-gate  avalanche-injected  MOS),  makes  use  of  an  elec- 
trically floating  polysilicon  gate  to  hold  data  related  quantitites  of  charge. 

With  these  devices,  charge  can  readily  be  injected  electronically  but  can  only 
be  removed  with  great  difficulty.  X-ray  or  UV  radiation  is,  in  fact,  commonly 
employed  to  remove  the  trapped  charge.  They  are  intended  for  use  as  read- 
only memories  and  are  totally  ill  suited  to  use  in  high-speed  secondary  stores. 
Another,  MAOS  (alumina  interfaced  MOS),  stores  data  charges  within  an 
alumina  film.  This  technology  is  quite  similar  to  MNOS.  It  is  projected  to 
have  similar  or  better  characteristics,  but  presently  is  still  too  immature  for 
serious  consideration. 

Upon  considering  the  mass  memory  prerequisite  factors  collectively, 
there  appears  to  be  only  two  candidate  technologies  whose  viability  for 
implementing  secondary  stores  (10  K to  100  K bits)  is  truely  plausible: 
namely,  MNOS  and  MBD.  Both  technologies  are  capable  of  providing  high 
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t)ii  >|i;tiHiiy  piM-  I liip  anfi  ofler  similar  cost  potentials.  ICach  supplies  non- 
vol-itile  <lala  storane,  allhounh  a decree  of  control  conditionality  is  attached 
to  'hat  of  Mill'.  Of  the  two,  MNOS  can  achieve  higher  performance.  A 
related  point  (which,  although  not  part  of  the  general  selection  guidelines, 
should  at  least  be  mentioned)  is  that  MBD  operating  margins  are  relatively 
sensitive  to  ambient  temperature  and  require  compensation  if  the  environ- 
mental conditions  change.  MNOS  storage,  on  the  other  hand,  being  based 
on  a temperature  insensitive  tunneling  phenomenon,  is  unaffected  by  wide 
variations  in  the  operating  environment, 
n.  3 TECHNOLOGY  COMPARISONS 

To  determine  whether  grounds  exist  for  making  a final  definitive  choice 
between  the  two  prime  technology  candidates,  it  is  necessary  to  examine 
their  respective  characteristics  in  greater  detail  and  evaluate  any  differences 
in  performance  that  accrue  in  a representative  mass  memory  application. 
Comparisons  will  be  based  on  the  postulated  existence  of  comparable  capacity 
devices  from  both  MBD  and  MNOS  in  a 1978  to  1980  time  frame.  Further- 
more, it  will  be  assumed  that  these  devices  have  been  configured  and  lO 
interface  "groomed”  in  select  ways  to  optimize  their  use  in  wide  ported 
(i.  e.  , many  parallel  bit  streamed)  secondary  storage  environments.  In 
making  any  type  of  cross-comparison,  it  is  desirable  to  have  a point  of 
reference  from  which  to  validate  conclusions.  Toward  this  end,  similar 
treatments  of  a representative  high  density  volatile  technology  (viz.,  CCD) 
are  presented  where  appropriate  for  orientation  or  contrast. 

Presently,  the  maximum  practical  data  transfer  shift  rate  for  MBD 
memories  is  under  250  KHz  using  bubble  domains  of  approximately  4 pm 
in  diameter.  Experimental  devices  in  the  laboratory  have  operated  at  slightly 
over  1 MHz  but  employed  bubbles  on  the  order  of  50  pm  in  size.  A funda- 
mental materials  problem  exists  (as  shown  in  figure  D-3)  which  hampers 
the  simultaneous  attainment  of  small  (sub-micrometer)  sized  bubbles  and 
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hinh  field  rotational  shift  rates  (>  1 MHz).  The  trend  line  shows  that  the 
domain  velocity  in  materials  able  to  support  stable  bubbles  varies  approxi- 
mately as  a cubic  power  of  the  bubble  size.  Unless  a truly  major  break- 
through 18  made  in  this  areas,  field  rates  of  100  Kbit  capacity  range  chips 
will  be  limitefl  to  under  500  KHz. 

In  contrast,  present  MNOS  memory  chips  — using  industry  standardized 
I/O  interface  register  designs  — have  confirmed  data  rate  capabilities  of 
greater  than  6 MHz.  Thus,  outputs  from  MHOS  chips  can  service  mass 
memory  interface  channels  directly  without  relying  on  system  level  multi- 
plexing which  is  introduced  solely  for  the  purpose  of  enhancing  the  effective 
I/O  bit  rate  per  chip.  On  a comparison  basis,  the  minimum  multiplexing 
factor  needed  to  service  each  of  the  200  nanosecond/bit  channels  in  a repre- 
sentative secondary  storage  system  using  250  KHz  field  rate  MBD  memory 
devices  would  be  20:1.  Such  a design  is  conceivable,  but  it  tends  to  cause 
the  MBD  cell  density  to  be  significantly  degraded  due  to  the  extra  support 
circuitry  that  must  be  introduced. 

An  obvious  drawback  of  either  MBD  or  CCD  memories  is  the  long  access 
latency  time  associated  with  their  serial  nature.  The  average  latency  to  a 
random  bit  with  these  technologies  is  determined  by  the  number  of  bits  in 
an  addressable  memory  loop  and  the  field  rotational  (MBD)  or  register 
clocking  (CCD)  shift  rate  as  governed  by  the  relationship: 


N 


average 

latency 


i-  ( loop  bits 
^shift  rate 


Minimization  of  the  access  latency  necessitates  the  use  of  a large  number 
of  addressable  memory  loops,  but  overextension  of  this  principle  becomes 
unacceptably  expensive  in  terms  of  cost  in  overhead  chip  area  and  attendant 
sacrifice  in  effective  bit  density.  A compromise  tradeoff  between  access 
time  and  number  of  addressable  loops  is  moat  readily  secured  using  a 
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major  minor  loop  slrui  lure.  I'or  chips  havinp  a capacity  on  the  order  of 
100  Kbils,  thouuh,  the  latency  time  would  still  lie  somewhere  in  the  milli- 
second ranne.  MNOS  memories,  on  the  other  hand,  are  natually  random 
and  suffer  no  inherent  latency  delay  to  the  first  bit  of  a block  other  than 
address  decode  and  Rate  propagation  delays. 

As  has  been  noted,  both  MNOS  and  MBD  technologies  exhibit  excellent 

bit  density  capabilities.  Cell  size  within  the  storage  area  of  a memory 

device  is,  however,  only  part  of  the  story  when  considering  total  system 

package  dimensions.  In  an  MBD  memory  it  is  impractical  to  place  more 

than  about  16  chips  in  a common  bias  and  rotating  field  coil  assembly.  At 

greater  than  this  level,  matching  of  the  sets  of  chips  becomes  critical  and 

3 

significantly  degrades  the  operating  bias  margins.  For  a K bit  capacity 
system  built  using  16,  384  MBD  chips  of  64  Kbits  each,  this  implies  that  a 
minimum  of  2,  048  coils  and  1,  024  permanent  magnets  would  be  needed  just 
to  build  the  field  coil  assemblies. 

As  an  interesting  contrast  in  ultimate  packaging  densities  achievable, 
consider  the  following.  Bell  Laboratories  recently  announced  a dual  field 
coil  assembly  "bare  bones"  512  Kbit  MBD  memory  module  which  uses  32 
chips  of  15  Kbits  capacity  each  and  is  housed  in  a package  measuring  3.  75 
by  1.  375  by  0.  8125  inches.  This  is  a volume  of  4.  19  cubic  inches.  To 
make  a comparison  to  an  equivalent  MNOS  memory,  consideration  is  made 
of  developmental  lb  Kbit  Westinghouse  chips  of  current  design  which  are 
less  than  250  by  250  mils.  Allowing  for  a liberal  hybridization  factor 
of  3:1,  the  substrate  assembly  surface  area  needed  would  be  (250  x 250) 

X 32  X 3 X 10"^’  - 6.00  in^.  Using  a 40-mil-thick  ceramic  substrate 
with  55-mil  clearances  above  and  below,  50-mil  clearances  on  either  side, 
50-mil  chassis  wall  thickness  all  around,  and  spacingof  0.  5 inch  for  con- 
nectors off  one  edge  of  the  substrate,  the  package  size  of  a "bare  bones" 
512  Kbit  MNOS  memory  module  would  be  no  greater  than  2.  5 by  3.  0 by 
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0,  itu'lujH.  I Ills  is  a volume  of  only  1.  HK  cubic  inches,  or  less  than  half 
that  of  the  equivalent  capacity  MBD  module. 

Consideration  of  the  type  of  support  electronics  available  to  implement 

3 

a K bit  MBD  memory  with  the  minimum  necessary  piocess  control  func- 
tions, I/O  multiplexers,  transfer  drivers,  generator  drivers,  replicate/ 
annihilate  drivers,  field  coil  drivers,  and  sense  amplifiers  (but  exclusive 
of  intelligent  access  control  and  data  management  overhead)  leads  to  an 
estimated  need  for  some  20,000  IC's,  22,000  resistors,  and  15,000  capaci- 
tors. An  MNOS  memory  would  need  less  than  one-fourth  of  these  com- 
ponents; viz,  approximately  5,000  IC's,  2,000  resistors,  and  3,  000  capaci- 
tors, Accordingly,  in  the  area  of  system  support  circuits,  MNOS  exhibits 
a distinct  advantage  over  MBD. 

To  facilitate  analysis  of  the  power  dissipation  of  MNOS  and  MBD  (and, 
for  comparison  purposes,  CCD)  memory  modules,  it  is  necessary  to  first 
be  cognizant  of  certain  rudimentary  aspects  of  the  memory  architectures 
that  are  needed  with  each  technology  to  provide  the  necessary  macroscopic 
interface  conditions.  Studies  have  shown  and  experience  has  confirmed 
that,  in  general,  the  power  of  a volatile  type  store  (such  as  CCD)  will  be 
minimum  if  all  devices  are  operated  in  parallel  at  their  slowest  possible 
rate  consistent  with  having  their  outputs  multiplexed  together  to  achieve  the 
necessary  system  data  rate.  Nonvolatile  stores,  contrarily,  should  be 
configured  in  such  a manner  as  to  have  the  minimum  number  of  devices 
powered  up  at  any  given  time  so  as  to  secure  maximum  advantage  of  their 
nonvolatility  in  the  form  of  improved  reliability  and  reduced  support 
circuitry. 
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Strictly  for  equivalency  in  the  analyses  to  be  made,  it  will  be  assumed 
that  64  Kbit^^  devices  of  each  technology  are  available.  Accordingly,  each 
memory  module  will  employ  16,  384  chips  to  provide  identical  capacities  of 
1 Gbit^^!  Only  power  drawn  by  the  memory  devices  and  their  immediate 
interface  driver  circuits  located  within  a minimum  configured  storage 
module  will  be  considered. 

Assumptions  regarding  the  MBD  chip  structure  are  that  a factor  of  8 
multiplexing  has  been  incorporated  directly  on  the  chip  and  that  8 parallel 
outputs  are  provided  from  each  chip.  It  is  recognized  that  the  assumed 
ability  of  MBD  manufacturers  to  readily  accomplish  this  may  be  somewhat 
optimistic.  MNOS  chips  are  assumed  to  have  8 parallel  l/O  bit  channels 
per  device  with  64  stages  in  each  lO  register.  For  the  CCD  chips,  two 
cases  will  be  considered:  (1)  a single  lO  channel  per  chip  and  (2)  eight 

parallel  lO  channels  per  chip.  For  the  system  level  interfaces,  it  will  be 
assumed  that  4 concurrently  operable  256-bit-wide  word  ports  must  be 
serviced  at  200  nanoseconds/word.  No  direct  consideration  will  be  given 
to  implications  of  differences  in  system  overhead  support  electronics. 

Only  storage  section  drivers  will  be  included. 

Based  on  8 channels  available  from  alternate  memory  devices,  the 
memory  planes  of  *he  respective  modules  must  contain  128  chips  to  provide 
the  necessary  1,024  paralleled  data  interface  channels.  Grouping  of  the 
MBD  devices  is  assumed  to  be  in  the  form  of  16  chip  matched  sets.  This 
means  that  there  are  8 field  coil  assemblies  per  MBD  memory  plane. 
Furthermore,  it  is  to  bv  noted  that  there  will  be  128  planes  in  each  memory 
(given  16,  384  chips/merr.ory  and  128  chips  plane). 

(11  1 Kbit  is  defined  as  1,024  bits;  so,  64  Kbits  = 64  x 1 Kbit  = 65,  536  bits. 

3 3 

(21  1 Gbit  is  defined  as  1 K bits;  so,  1 Gbit  = (1,  024)  bits  = 1,  073,  741,  824 

bits. 
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The  final  stage-setting  factor  to  be  considered  is  the  number  of  memory 
planes  which  are  active.  For  a volatile  store,  all  planes  are  active.  With 
the  MBD  memory,  four  planes  will  be  activated  to  ensure  achieving  the 
specified  lO  data  flow  rate.  In  the  case  of  an  MIMOS  store,  only  one  plane 
has  to  be  active  to  provide  the  lO  rate,  but  two  will  be  assumed  to  be 
activated  and  operated  in  an  alternating  flip-flop  like  manner  where  first 
one  and  then  the  other  handles  the  transfer  of  successive  data  blocks.  This 
process  ensures  that  block  addressing  functions  are  completely  masked, 
even  at  successive  block  boundaries. 

A summary  of  device  characteristics  relevant  to  the  power  calculations 
to  be  made  here  is  presented  in  table  D-4.  Confirmed  1976  parameters  are 
itemized  in  the  first  column,  then  sets  of  both  realistic  and  optimistic  pro- 
jections for  a 1978  technology  base  are  listed  in  the  latter  two  columns. 
The  realistic  projections  will  be  employed  since  they  represent  the  most 
likely  extent  of  advancement,  based  on  engineering  judgement,  that  can  be 
expected  in  each  technology  field.  Sample  calculations  for  the  condition 
where  continuous  data  I/O  exchanges  are  taking  place  at  a rate  of  200 
nanoseconds/bit  over  each  of  1,024  parallel  data  lines  are  itemized  in  the 
following  listing.  In  each,  allowance  is  made  for  the  dissipation  of  50 
percent  efficient  field  or  clock  drivers.  For  simplicity,  no  other  form  of 
overhead  support  circuitry  power  has  been  added  in. 

MNOS;  On  chip  power  = 0.  15  x 256  = 38.  4 watts 

Capacitive  power  = 0.  4 x 10“  x 64  x8x2x  128  x (12)^/ 

0.  20  X 10“^  = 37.  75  watts 

50%  efficient  driver  power  = 0.  5 x 37.  75  = 18.  87  watts 
Total  power  (less  support)  = 38.  4 + 37.  75  + 18.  87 

= 95.  67  watts 
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ALFERNATE  TECHNOLOGY  CHARACTERISTICS 


^ 1 mu-l'rdme 

Tfi  hnoio^y  " 

1976 

Conti  rnied 
Pa  rameti’  rs 

1978 

Realistic 
Projec  1 1 ons 

1 978 

Optimistic 
Projet  tions 

MNOS 

Number  Cloik  Phase s>  (0) 

2 ‘ 

(!lotk  Drivt  Amplitucl<-  (V/0  ) 

• 

12 

f: 

MinimuJii  C!loi'k  Halt-  (Hz) 

0 

Maximum  (Jlock  Hate  (MHz) 

6 

8 

10 

Clock  Capacitame  (pK/SR  bit/0  ) 

0.  8 

0.4 

0.  2 

On-Chip  Static  Power  (mW/chip) 

<i00 

100 

50 

MBD 

Number  Field  Phases  ( 0) 

2 

F'leld  Drive  Amplitude  (mA/0  ) 

120 

M.nimum  FT«Td  Rate  (Hz) 

0 

Maximum  Field  Rati-  (kHz) 

150 

2 50 

500 

Field  Inductance  (r;H/bit/0  ) 

4 

3 

2 

On-Chii)  htat  ii  Power  (mW/thip) 

^00 

100 

50 

cc;i) 

Number  (doi  k F-’hases  (0) 

2 

Clock  Drive  Amplitude  (V/0  ) 

12 

Minimum  (Toe  k Rate  (kHz) 

100 

64 

32 

Maximum  Clock  Hate  (MHz) 

2 

4 

6 

Clock  Capacitance  (lF'/bil/0  ) 

40 

30 

20 

On*Chip  Static  Power  (pW/bil) 

4 

2 

1 

1 
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CCD: 

Case  1 
(8  lO' s chip) 


Case  Z 


II  10/ chip) 


( )ii  t liip  powe  r 0.  1 5 x 5 1 /d  76.  8 watts 

Iruluctive  power  3 x 10-9  x 65,  536  x 512  x 2 x (0,  12)^/ 

6.  4 X 10-6  453  watts 

50"!  efficient  driver  power  0.  5 x 453  ~ 226  watts 
Total  power  (less  support)  76.  8 + 453  + 226 

= 775.  8 watts 

On  chip  power  2 x 10"^  x 16,  384  x 65.  536  = 2,  147  watts 

Capacitive  power  = 2 x 10"^  x 65,  536  x 2 x I6,  384  x (12)^/ 

15.  625  X 10”^  = 593.  7 watts 
50%  efficient  drivei  power  = 0.  5 x 593.  7 = 296.  9 watts 
Total  power  (less  support)  = 2147  + 594  + 297 

= 3038  watts 

Capacitive  power  = 30  x 10"  ^ 65,  536  x 2 x 16,  384  x (12)^/ 

6.4  X 10-6  = 1450  watts 

50%  efficient  driver  power  = 0.  5 x 1450  = 724.  8 
Total  power  (less  support)  2147  + 1450  + 725 

= 4322  watts 


A check  of  the  results  listed  here  reveals  that  a significant  power  advan- 
tage accrues  to  the  MNOS  technology.  At  the  specified  5.  12  GHz  effective 
bit  I/O  rate  (i.  e.  , 1,  024  divided  by  200  nsec),  MNOS  needs  no  more  than 
l/8th  the  power  of  MBD  and  over  40  times  less  than  CCD's.  For  other  data 
rates  above  and  below  the  target  specification,  the  power  drain  of  the  two 
nonvolatile  technologies  vary  proportionately.  Dissipation  of  the  CCD  based 
memory  module,  on  the  ijthei-  hand,  buttoms  out  at,  and  never  drops  below, 
the  3 KW  level  denoted  for  the  8 l/O  chip  configuration.  The  reason  for 
this  is  simply  due  to  the  fact  that  CCD's  are  both  volatile  and  dynamic, 
fdonsequently,  all  devices  in  the  memory  must  remain  powered  at  all  times 
and  must  receive  refresh  energy  at  some  minimum  rate  (i.  e.  , 64  KHz,  in 
this  instance). 

The  power  requirements  considered  here  pertain  to  worst-case  condi- 
tions existing  during  active  data  input-output  operations.  Obviously,  if 
there  is  dead-time  in  the  memory  activity,  the  average  power  for  both 
nonvolatile  type  storage  units  will  drop  as  a result  of  their  being  powered 
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down  during  such  intervals.  Volatile  stores  such  as  CCD's  enjoy  no  such 
advantage.  As  noted,  this  factor  impacts  heavily  on  a memory's  reliability 
since  devices  capable  of  being  placed  onto  a powered-down  state  with  all 
electrical  stresses  removed  typically  experience  a failure  rate  improvement 
of  at  least  one  order  of  magnitude. 

By  following  the  established  practice  of  MIL-HDBK-2 1 7B,  it  is  possible 
to  conduct  detailed,  in-depth  analyses  of  any  memory  system.  Only  a 
simplified  treatment  will  be  undertaken  here,  solely  to  investigate  innate 
differences.  For  this  effort,  the  basic  MTBF  (mean-time-before-failure) 
of  the  respective  memory  devices  will  be  evaluated  using  the  fundamental 
relationship; 

MI  DF  ^ D/NA 
where: 

N = total  number  devices 

A = active  device  failure  rate 

D = dormancy  improvement  factor 

Since  the  cross-comparison  form  of  treatment  given  to  the  alternate 
memory  technology  modules  has  been  based  on  the  postulated  existence  of 
equivalent  capacity  chips  from  each  technology,  the  device  count  (N)  will  be 
the  same  for  each.  As  to  the  active  failure  rate  (A)  in  the  MTBF  equation, 
MII.-HDBK-2 1 7B  covers  only  the  MNOS  technology;  and  even  it  not  up  to 
the  size  chips  being  considered  here.  Until  such  time  as  a firm  data  base 
is  established  for  both  higher  capacity  memory  components  and  the  CCD  and 
MBD  technologies,  values  of  confirmed  validity  cannot  be  assigned  to  A. 

For  the  present  first-order  review,  they  will  therefore  simply  be  taken  as 
being  identical;  even  though  some  degree  of  error  may  be  inherent  in 
doing  so. 
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Willioiii  flflviMu  itilo  ov<*rlu!a«l  Hupport  eli-clronics  and  redundancy  consi- 
dfratioiis,  it  appears  that  the  dormancy  factor  ( D)  is  the  only  term  that  may 
fliffer  on  a gross  scale  among  the  technologies.  To  see  whether  and  how  this 
occurs,  it  is  necessary  to  evaluate  D according  to 


whe  re; 


K 


t 


= A.  /A  - (failure  rate  ratio) 

active  dormant 

= N /N  - (device  count  ratio)  during  t 

total  active  L active 

- I ..  /i  - (reciprocal  duty  factor' 

mission  active 


Note  that,  by  virtue  of  the  manner  in  which  they  are  defined,  each  of  these 
"K"  terms  must  satisfy  the  inequality 
1 < K < 


Under  the  complementary  stipulations  that  stored  data  cannot  be  sacrificed 
and  that  the  memory  wilt  always  contain  some  data,  the  and  factors  for 
volatile  memory  structures  wilt  both  be  equal  to  unity.  The  corresponding 
value  of  D is  therefore  1.0,  and  no  dormancy  related  improvement  in 
reliability  is  realized.  Conversely,  for  nonvolatile  memory  devices. 


neither  K nor  K will  be  equal  to  unity. 

N t 

During  quiescent  periods  when  the  memory  is  neither  inputting  nor  out- 
putting  data,  both  nonvolatile  MNOS  and  MBD  storage  modules  would  be 
completely  powered  down.  Both  technologies  would  presumably  be  subjected 
to  the  same  quiescent  intervals,  so  the  factor  of  each  would  increase  by 
a like  amount  and  no  difference  would  exist  in  the  degree  of  reliability  im- 
provement thus  secured.  Comparison  of  the  K^,  factors,  on  the  other  hand, 
reveals  that,  due  to  the  MBD  module  having  twice  as  many  chips  active 
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during  lO  operations,  the  MNOS  based  module  will  enjoy  a slightly  better 
dormancy  related  improvement  in  reliability  (on  the  order  of  12  percent). 

D,  4 SUMMARY 

Upon  drawing  together  the  diverse  technology  evaluation  factors  which 
have  been  considered,  evaluating  them  in  light  of  the  guideline  requirements 
set  forth  for  secondary  mass  memories,  and  comparing  the  performance, 
operation,  and  mechanization  tradeoffs  which  are  available,  it  is  found  that 
the  single  most  suitable  candidate  is  MNOS.  In  all  categories  reviewed, 
MNOS  meets  or  exceeds  by  a wide  margin  the  requirements  of  the  postulated 
memory  systems.  Furthermore,  it  ranks  an  unqualified  first  in  most  of  the 
categories.  Table  D-4  provides  a summary  rundown  of  the  relative  ranking 
of  MNOS,  MBD,  and  CCD  based  memory  modules. 

TABLE  D-4 

RELATIVE  RANKING  OF  MASS  MEMORY  TECHNOLOGIES 


Technology  Ranking 

Memory  Characteristic 

MNOS 

MBD 

CCD 

Coll  Density 

2 

3 

1 

Access  Time 

1 

3 

2 

Data  Rate 

1 

3 

2 

Storage  Integrity 

1 

2 

3 

Reliability 

1 

2 

3 

Power  Drain 

1 

2 

3 

Production  Cost 

1 

2 

3 

Environmental  Stability 

1 

3 

2 

Physical  Size/  Weight 

1 

2 

3 

Ranking  Explanation: 

1 - Best  suited  to  application 

2 - 2nd  best  suited  to  application 

3 - Least  suited  to  application 
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Am  MNOS  nu-niory  i»;ll  i an  be  made  extremely  small.  No  storage  capacitor 

IS  required  as  m dynamic  memories.  MNOS  devices  currently  being  devel- 

2 

oped  have  cell  sizes  of  under  0.  75  mil  . As  photolithographic  capabilities 
improve,  MNOS  density  will  improve.  Block-oriented  devices  are  capable 
of  efficiently  transferring  blocks  of  data  at  high  rates  because  of  on-chip 
parallel  transfer  of  data  to  a shift  register.  The  shift  registers  may  be 
operated  at  6 MHz  over  the  temperature  range.  In  contrast,  the  data  rate 
of  m.ost  standard  MOS  RAM's  is  about  2 MHz.  CCD  minimum  shift  rates 
are  limited  by  transfer  efficiency.  To  overcome  the  problem, ref resh  stages 
are  installed,  but  this  results  in  significant  loss  in  maximum  rate.  As  a 
result,  the  upper  limit  on  CCD  operating  rates  is  typically  less  than  3 MHz. 

MNOS  provides  a system  advantage  in  that  It  avoids  some  of  the  off-chip 
overhead  of  other  technologies.  For  example,  CCD  and  MOS  systems  must 
have  refresh  logic.  MBD  devices  are  dependent  on  off-chip  electronics  for 
operation  and  have  a large  ratio  of  off-chip  components  to  memory  chips. 

To  take  maximum  advantage  of  nonvolatility,  MNOS  circuits  will  generally 
use  power  switching  circuitry.  These  circuits  are  low  power  and  usually 
consist  of  a few  transistors  per  printed  circuit  card.  In  contrast  with  MBD 
which  requires  special  interface  buffer  circuits,  MNOS  interfaces  readily 
and  directly  with  standard  l.SI  logic  families. 

The  final  and  perhaps  most  important  consideration  is  cost.  Mature 
production  quantities  of  memory  products  from  all  the  major  technologies 
are  determined  by  die  size  and  manufacturing  yield.  Cost  advantages  on 
a per-bit  basis  at  the  component  level  hinge  on  the  number  of  bits  per  chip. 
Little  advantage  exists  for  any  of  the  main  contenders  at  this  point.  At  the 
system  level,  costs  are  affected  by  the  amount  and  type  of  support  circuitry 
needed  and  the  ease  of  module  assembly.  MNOS  provides  benefits  in  both 
areas  compared  to  either  MBD  or  CCD.  Procurement  costs  on  the  order  of 
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0.  08  cents/bit  should  be  realized.  Ultimately,  the  cost  of  ownership  for  an 
jMNOS  secondary  mass  memory  will  be  lower  than  that  of  competing 
technologies  due  to  its  higher  performance,  lower  power,  and  higher 
reliability. 
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APPENDIX  E 

MNOS  TECHNOLOGY  DESCRIPTION 


The  information  presented  herein  gives  the  Metal-Nitride-Oxide  Semi- 
conductor (MNOS)  memory  technology  a broadbrush  treatment.  It  is  intended 
for  purposes  of  familiarization.  All  comments  and  discussions  relating  to 
MNOS  structures  are  derived  from  current  practices  at  Westinghouse 
Electric  Corporation. 

E.l  EVOLUTIONARY  OVERVIEW 

Beginning  with  the  earliest  reported  work  with  compound,  dual  dielectric 
MOS  structures  in  which  a nitride  (Si^N^)  layer  was  introduced  into  the 

normal  Al-S.O  -S.  sandwich  of  modern  integrated  circuits,  the  potential  of 

* ^ ^ (1)(2) 

an  embryonic  memory  technology  was  recognized.  Over  a period  of 

years  immediately  foil  .wing  its  discovery,  the  new  technolgy  went  through 
a laboratorv  budding  stage  in  which  its  physical  theory  was  explored  in 
detail.  It  subsequently  passed  from  a curious  materials  phenomenon  to 
functional  test  vehicle  memory  devices.  Lack  of  endurance  and  good  reten- 
tion characteristics  plagued  early  developments,  however,  and  it  was  not 
until  the  invention  of  the  drain-source-protected  FET  structure  by  Cricchi 


(1)  S.M.  Hu;  "Proerties  of  Amorphous  Silicon  Nitride  Films;"  Journal  of 
Electrochemical  SocieB,-,  vol.  113;  July  1966;  pp.  673-688. 

(2)  S.M.  Hu,  D.  R.  Kerr,  and  L,  V.  G regor;  " Evidence  of  Hole  Injection 
and  Trapping  in  Silicon  Nitride  Films  Prepared  by  Reactive  Sputter- 
ing;" Applied  Physics,  Letters,  vol.  10;  February  1967;  pp.  97-99. 
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in  dial  thn  Ki-nat  proinisn  ol  MNOS  passcfi  from  an  en^'incc  rin^  t'leam 

111  till’  »•><•  to  a practical  reality. 

MNOS  memory  technology  has  undergone  continuous  development  by  a 
number  of  different  organizations  in  several  countries  over  the  past  decade. 
Figure  Fi-l  provides  partial  listings  of  both  currently  active  firms  and  some 
of  the  fliversified  MNOS  applications.  Collectively,  the  companies  cited  are 
engaged  in  producing  a variety  of  MNOS  products.  Although  millions  of 
LSI  memory  devices  have,  as  a result,  been  delivered  and  are  now  in  end- 
use  field  serivee,  the  full  potential  of  the  MNOS  technology  has  only  recently 
become  generally  understood.  This  is  largely  due  to  its  development 
emphasis  being  oriented  toward  military  applications  rather  than  commeriual 
uses.  Consequently,  it  has  not  been  broadly  publicized. 

As  a technology  base,  MNOS  encompasses  a tremendous  realm  of  appli- 
cations. It  actually  consists  of  a number  of  subtechnologies  aimed  at  specific 
tunctions;  nantely; 

• Electrically  Alterable  ROM's  (EAROM) 

• Block  O rganized  RAM's  (BORAM) 

• Random  Access  Memories  (NOVRAM) 

• Sequential  Access  Memories  (NOVSAM) 

• Nonvolatile  LSI  Logic  (NOVLOG) 

Various  hybrids  rep  re  .sen  ting  technology  cross-breeds  also  exist.  Of  these, 
the  ones  of  greatest  import  are: 

• Charge  Addressed  .Memories  (NOVCAM) 

• Dielectric  .Substrate  RA.M's  (DISRAM) 

• Volatile  Intermittently  RA.M's  (VINRAM) 


(”))  ,I.R,  Cricchi,  F.  C,  Blaha,  and  ,M.D.  Fitzpatrick;  "Drain-Source- 

Protected  MNOS  Memory  Device  and  Memory  Endurance;"  Technical 
Digest  of  1973  International  Electronic  Devices  Meeting;  December 
1973;  pp.  126-129. 
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Figure  E-1.  Developers  and  Applications  of  MNOS  Technology 

In  NOVCAM  structures  a marriage  of  CTD  (charge  transfer  device)  principles 
with  MNOS  processing  is  made.  A similar  technology  marriage  is  realized 
with  DISRAM  devices,  in  which  all  MNOS  elements  are  dielectrically  isolated 
(rather  than  junction  isolated).  The  most  recent  addition  to  the  list,  VINRAM, 
combines  the  properties  of  a nonvilatile  backing  store  with  those  of  a volatile 
working  storage  medium  on  a common  monolithic  chip. 

Each  of  the  MNOS  subtechnologies  institutes  nonvolatile  storage  via  some 
form  of  field  effect  transistor  (FET),  but  the  respective  transistor  designs 
and  functional  characteristics  in  certain  cases  are  quite  different.  In  addi- 
tion, the  memory  element  structure  and  manufacturing  sequence  often  varies 
widely  from  company  to  company.  A wide  variance  in  on-chip  peripheral 
circuitry  also  exists  among  some  of  the  categories.  Universally,  though, 
the  ability  to  form  memory  and  nonmemory  transistors  on  the  same  chip 
is  an  important  asset.  This  is  manifested  by  the  fact  that  in  logic  systems 
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it  is  quite  often  highly  advantageous  to  have  available  a nonvolatile  latch, 
register,  or  counter.  With  MNOS.  these  features  can  be  incorporated 
directly  on  an  LSI  chip.  The  VVestinghouse  Metering  Subsystem  chip  is 
one  example  of  such  a mechanization.  This  device  combines  a nonvolatile 
counter  with  the  other  logic  functions  required  for  remote  monitoring  of 
residential  piower  consumption. 

Probably  the  most  well  known  of  the  MNOS  subtechnologies  is  the  elec- 
trically alterable  ROM.  Commercial  parts  have  been  available  since  the 
early  70's  from  NCR  and  Nitron  (a  McDonnell  Douglas  subsidiary)  and  more 
recently  from  General  Instrument.  By  way  of  continuing  development  efforts, 
several  of  the  major  semiconductor  vendors  are  soon  expected  to  be  announc- 
ing additional  ROM  products.  NCR's  latest  entry  is  a 4,  096  bit  fully  de- 
coded EAROM.=‘-  This  device  is  currently  in  high  volume  production  to  meet 
system  requirements  within  NCR. 

EAROM  type  devices  are  expressly  designed  to  emphasize  the  length  of 
data  retention  but,  as  a result,  require  comparatively  long  write  times  — 
rvpicallv  10  to  100  miliseconds.  Their  read  time  is  a function  of  on-chip 
interlace  circuit  design.  Although  access  and  cycle  times  can  be  made  quite 
small,  the  major  applications  for  such  devices  do  not  require  it  and  it  is 
generally  not  done.  The  NCR  part  access  time,  for  instance,  is  under  2.0 
microseconds.  In  contrast,  a current  Nitron  1, 024  bit  part  has  a typical 
access  time  of  nearly  20  microseconds.  Neither  part  was  specifically 
optimized  for  this  parameter.  Nitron  is,  however,  planning  to  come  out 
with  a series  of  muc*"  faster  devices. 

At  the  opposite  end  of  the  spectrum,  NOVRAM  constitutes  a special  class 
of  .MNOS  device  expressly  designed  for  very  high  speed  operation.  For  such 
devices,  write  as  well  as  read  speeds  of  below  1.0  microsecond  are  com- 
monly required.  Short  retention  times  on  the  order  of  minutes  are,  how- 
f*ver,  normally  considered  adequate.  The  reason  for  this  is  simply  that  the 

iiAROM  is  a trademark  of  NCR, 
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prinif  economic  driving  force  behind  their  development  has  been  military 
needs  for  radiation  hardened  nonvolatile  RAM's  in  missile  systems.  Because  of 
the  high  speed  and  radiation  considerations,  special  on-chip  circuit  designs 
and  device  fabrication  techniques  (including  dielectric  isolation)  are  employed. 
Power  dissipation  and  bit  density  are  secondary  considerations.  In  the  next 
generation  Minuteman  missile,  MNOS  NOVRAM  memories  are  expected  to 
replace  the  heavy  and  expensive  plated  wire  memories  used  in  present 
systems , 

Intermediate  on  the  speed/  retention-time  scale,  MNOS  BO  RAM  and 
NOVSAM  are  very  close  in  terms  of  their  memory  transistor  and  data 
lO  interface  structures.  They  differ  mainly  in  their  address  and  control 
features.  Hependinn  on  the  particular  device  and  application  constraints, 
clearing  anfi  writing  operations  are  accomplished  in  the  range  of  10  to  200 
microseconds.  Retention  time  varies  with  writing  time  over  this  range 
but  is  normally  prescribed  to  be  on  the  order  of  a few  days  to  several  years. 
At  the  I''0  ports  of  these  devices,  much  higher  data  rates  are  maintained 
than  at  the  individual  memory  cell  level.  Information  is  stored  in  an  X-Y 
array  with  multiple  bits  written  or  read  simulataneously . Data  bit  blocks 
are  bidirectionally  loaded  between  the  storage  matrix  and  a set  of  on-chip 
shift  registers  which  transfer  data  into  or  out  of  the  chip  serially  at  up  to 
6 MHz.  With  access  to  the  first  bit  requiring  no  more  than  1 microsecond, 
readout  of  an  entire  block  of  f>4  or  less  sequentially  ordered,  parallel-bit 
data  words  can  be  accomplished  in  under  12  microseconds. 

BORAM  devices  are  intended  for  secondary  and  high-end  primary  storage 
applications  where  data  is  typically  handled  in  blocks  of  about  1,  024  paral- 
lel-bit bytes  (1  byte  in  this  instance  is  taken  to  mean  8 bits).  A BORAM 
module  will  thus  range  in  size  from  10^  to  10^  bits.  NOVSAM  devices  are 
intended  for  secondary  and  low-end  tertiary  storage  applications  involving 
larger  block  sizes.  The  capacity  of  this  type  module  will  fall  in  the  range 
of  10^  to  10^^  bits.  Figure  E-Z  identifies  the  manner  in  which  these  MNOS 
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Figure  K-2.  Compute r Sy stem  Memory'  Hierarchy  Classification 

technology  memories  fit  into  the  general  hierarchial  computer  storage 
classifications. 

Of  all  the  MNOS  subtechnologies,  BORAM  has  received  the  greatest  at- 
tention due  to  the  pressing  military  need  to  replace  unreliable  electro- 
mechanical secondary  storage  devices  in  critical  field  applications.  At 
least  two  BORAM  programs  are  presently  underway.  The  US  Navy  is 
sponsoring  a module  development  with  Univac  (a  Sperry  Rand  subsidiary)  in 
St.  Paul,  Minnesota.  The  U.S  Army  Flectronics  Command  (ECOM)  is 
sponsoring  a similar  module  development  with  Westinghouse  in  Baltimore, 
Mary  land.  Recently  the  Naval  Air  Systems  Command  (NASC)  joined  with 
I'XOM  in  sponsorship  of  further  BORAM  applications  programs. 

At  Westinghouse,  BORAM  system  development  has  proceeded  along  the 
lines  of  establishing  a joint  services,  multimission  module  design.  In 
October  1975,  the  first  prototype  module  was  delivered  to  ECOM  with  a 
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partial  memory  population  of  152  first-generation  2 Kbit  MNOS  BORAM 
chips.  This  module,  shown  in  figure  E-3,  has  since  been  retrofit  with  a 
complement  of  MHP's  (multichip  hybrid  packages)  containing  second-genera- 
tion (6000C)  2 Kbit  chips.  Both  the  Army  and  the  Navy  have  undertaken 
BORAM  module  evaluations.  For  information  on  Army  tests,  inquires  should 

be  routed  through  the  ECOM  technical  monitor Mr.  E.  J.  Gallagher, 

DRSEL-NL-BP- 1,  (201-544-2213),  Computer  Techniques  and  Development 
Team,  COMM/ ADP  Lab,  Fort  Monmouth,  N.  J.  07703.  Information  on  test 
results  at  the  Naval  Air  Test  Center  (NATC)  can  be  obtained  from  Mr.  F.  A. 
Phillips,  CODE  SY43,  (301-863-4787),  Computer  Technology  Group,  Systems 
Engineering  Test  Directorate,  NATC,  Patuxent  River,  Md  20670. 

The  2 Kbit  MNOS  BORAM  6000C  nonvolatile  integrated  circuit  memory 
chip  deployed  in  the  Westinghouse  developed  joint  services  module  possesses 
exceptionally  stable  and  highly  reproducible  characteristics.  It  employs  a 
single  level  of  metal  interconnect  pattern  and  requires  only  seven  active  masks. 


Figure  E-3.  Army-Navy  BORAM  Module 


Ita  I'abrication  sequence  is  Relieved  to  be  the  simplest  presently  in  existance 
tor  the  manul'acture  of  Ivilly  decoded  MNOS  arrays.  The  two-transistor  per 
cell,  differentially  balanced  detector  approach  taken  in  the  6000C  circuit 
deaiKO  tolerates  wide  variations  in  both  initial  process  parameters  and  in 
final  operating  volfa^es.  Yield  experience  for  initial  quantity  production 
lots  has  proven  consistently  high.  The  advent  of  this  highly  producible  6000C 
chip  provides  the  final  element  confirming  the  commercial  viability  of  the 
MNOS  technology. 

As  a corollary  effort,  development  of  a family  of  similar,  higher  density 
MNOS  devices  - extending  in  capacity  from  8 to  64  Kbits  - has  been  instituted 
at  Westinghouse.  This  work  has  led  to  a major  simplification  in  the  memory 
cell  and  processing  mask  configurations.  Orthogonal  straight-line  geometries, 
with  no  offsets,  pads,  or  elbows  of  any  kind  are  used  exclusively  to  form  the 
memory  array.  This  facilitates  realization  of  the  much  higher  cell  packing 
densities  necessary  with  larger  capacity  devices.  With  this  arrangement, 
j photolithographic  tolerances  are  not  critically  determined  by  contact  windows 

or  vias  in  the  storage  area.  By  applying  these  along  with  other  advanced  cir- 
cuit design  techniques,  this  family  progression  program  has  recently  suc- 
ceeded in  producing  a 16  Kbit  MNOS  integrated  circuit.  A microphotograph 
of  the  die  is  shown  in  figure  E-4.  Continuing  work  in  this  area  is  scheduled 
to  bring  the  MNOS  technology  to  the  128  Kbit  level  by  1980,  with  an  ultimate 
long-range  goal  of  1 Nibit  per  chip. 

E.2  P'UNCTIONAL  CHARACTERISTICS 

An  MNOS  transistor  is  an  insulated  gate  field  effect  transistor  (FET)  with 
a two  layer  insulator,  A simplified  unsealed  cross  section  of  a p-channel 
MNOS  memory  transistor  is  presented  in  figure  E-5(a).  The  nitride  layer 

O 

IS  typically  300  to  500  A.  When  the  transistor  is  intended  to  be  a memory 

O 

cell  component,  the  thin  oxide  layer  will  typically  be  less  than  50  A.  For  a 

O 

nonmemory  transistor,  the  oxide  would  be  uniformly  on  the  order  of  1000  A. 

In  the  configuration  depicted,  the  thin  oxide  memory  region  is  located 

some  distance  away  from  the  source  and  drain  diffusions.  Thick  non-  j 
memory  oxides  are  employed  in  the  interspersed  regions.  This  results  in 
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Figure  E-4.  Microphotograph  of  16  Kbit  MNOS  Chip 


Figure  K-5.  Basic  MNOS  Memory  Transistor 
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tlu'  si  rui  I iif»;  I'xhiijilinu  fuiu  tioiial  equivalence  to  the  ihree-iranaistor  mofiel 
of  li^;mH‘  l',-S(h).  I he  two  outer  transistors  are  nonmeniory  devices  which 
can  tolerate  lar^e  K^tc’-to-d rain  or  n’ate-to-source  voltages.  The  central 
Mieniory  device  can  be  pulsed  into  a depletion  mode  positive  threshold  state, 
but  since  it  is  in  series  with  two  nonmemory  enhancement  mode  devices, 
the  overall  structure  always  operates  in  the  enhancement  mode. 

A number  of  independent  workers  have  contributed  to  the  formulation 

of  the  mathematical  niodels  which  explain  the  behavior  of  MNOS  memory 
I 2,  3 

transistors.’  ’ Expressions  for  threshold  voltage  shift  and  retention  character- 
istics have  been  developed  based  on  a direct  tunneling  theory.  From  these 
models,  the  charge  decay  mechanism  is  shown  to  be  tunneling  from  deep 
traps  to  the  silicon.  Since  tunneling  is  not  a temperature  sensitive  process, 
both  retention  time  and  device  operating  margins  are  confirmed  as  being 
relatively  temperature  independent. 

According  to  the  established  theory,  the  MNOS  memory  transistor  pro- 
vides storage  by  injecting  or  removing  charge  from  deep  trap  sites  located 
near  the  oxide-nitride  interface.  Because  a relatively  large  amount  of 
energy  is  required  to  lift  the  charge  out  of  these  traps,  long  retention  times 
can  be  achieved.  Charges  are  transported  to  the  oxide-nitride  interface  by 
tunneling  through  the  thin  oxide.  Current  flow  in  the  nitride  during  this 
action  is  negligible  due  to  its  being  much  thicker  than  the  oxide.  Application 
of  a positive  gate  voltage  of  sufficient  magnitude  will  cause  tunneling  such 
that  a net  negative  charge  will  be  stored  at  the  oxide-nitride  interface.  This 
results  in  the  device  threshold  being  shifted  in  the  positive  direction.  In 
a similar  fashion,  the  application  of  a negative  voltage  of  sufficient  magnitude 
causes  the  threshold  to  shift  in  a negative  direction.  Small  gate  voltages  do 


1.  I.undstriim,  K.  I,  and  Svensson,  C.  M.  ; "Properties  of  MNOS  Structures;" 
lEEFl  I' ransactions  On  Electron  Devices,  vol.  ED-19,  No.  6;  June  1972; 
pp.  826-836. 

2.  White,  M.  II.  and  Cricchi,  J.  R.  ; "Characteristics  of  Thin-Oxide  MNOS 
Memory  Transistors;"  IEEE  Transactions  On  Electron  Devices,  vol.  ED-19, 
No.  12;  December  1972;  pp.  1280-1288. 

3.  Gordon,  N.  and  Johnson,  W.  C.  ; "Switching  Mechanism  in  Thin-Oxide 
MNOS  Devices;"  IEEE  Transactions  On  Electron  Devices,  vol.  ED-20, 

No.  3;  March  1973;  pp.  253-256. 
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not  flisivirl)  ih<‘  Ihre'shoM,  so  a nondrst  ructi ' e readout  of  the  memory  device 
is  readily  realized. 

The  basic  drain- source-protected  (DSP)  transistor  structure  of  figure 

E-5  is  now  standard  in  MNOS  integrated  circuit  memories.  It  provides 

continuous  enhancement  mode  operation,  minimizes  voltage  restrictions  on 

the  source  and  drain,  and  exhibits  virtually  no  threshold  window  closure 

with  clear-write  cycling.  Life  tests  have  in  fact  revealed  no  significant 

12 

degradation  after  10  clear-write  cycles.  First  generation  MNOS  memory 
chips  were  built  using  the  basic  D.S  F structure  directly  in  a single  transistor 
per  memory  cell  array.  Although  fully  functional,  full  capability  devices 
were  produced,  the  fabrication  yield  achieved  proved  to  be  unacceptably  low 
due  to  sensitivity  to  processing  nonuniformities.  The  circtunvent  this 
condition,  a refined  two-transistor  (2T)  DSP  memory  cell  was  developed 
and  applied  in  second  - gene  ration  MNOS  memories.  Figure  E-6  reveals 
the  structural  details  of  the  cell.  As  a result  of  the  exceptional  stability, 
processing  insensitivity,  and  high  fabrication  yields  secured  with  the  2T 
cell  approach,  it  has  been  adopted  as  the  fundamental  building  block  in  all 
on-going  MNOS  product  developments  at  Westinghouse. 

Layout  details  of  the  2T  cell  structure  and  the  manner  in  which  it  is 
integrated  into  an  X-Y  matrix  to  produce  a memory  array  are  set  forth  in 
figure  E-7.  This  figure  represents  a planar  view  of  a two-by-two  section 
taken  from  the  composite  processing  masks  of  a current  high-density  MNOS 
memory  chip.  In  evidence  here  are  the  major  geometrical  factors  contri- 
buting to  the  high  cell  density  and  fabrication  ease  of  modern  MNOS  inte- 
grated circuits.  In  particular,  observe  that  the  entire  storage  area  design 
rules  are  based  totally  on  orthogonal,  straight-line  layout  principles.  No 
offsets,  elbows,  or  stepped  pads  of  any  kind  are  employed.  It  is  this 
geometric  simplicity  which  provides  a two- 1 ransi sto r per  cell  memory  array 
with  a per  cell  area  of  less  than  0.  75  square  mil  without  approaching  photo- 
lithographic limits  on  readily  resolvable  lines  and  spaces. 
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Figure  E-6.  Two-Transistor  (2T)  P-Channel  MNOS  Memory  Cell 
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Fijjurr  K-H  shows  the  four  modes  of  operation  of  the  individual  FKT 
elements  in  a 2T  MNOS  memory  cell.  An  element  is  cleared  or  erased  to  the 
low  threshold  ( 1 st.ite)  by  rounding  the  gates  and  applying  a negative  voltage,V^^  = 
-25  volts  (called  the  polarizing  voltage),  to  the  substrate.  The  resultant 
voltage  felt  across  the  isulator  during  this  operation  is  = +25  volts. 

This  induces  forward  tunneling  in  the  thin  oxide  region  of  the  gate  and  leaves 
a net  negative  charge  near  the  nitride -oxide  interface  which  depletes  the 
carriers  under  the  thin  gate.  Once  this  has  occurred,  the  threshold  voltage 
will  be  determined  solely  by  the  thick  oxide  portion  of  the  gate  (V^~2  volts). 

The  high  threshold  (0  state)  is  written  by  grounding  the  substrate,  source, 
and  drain  while  applying  a negative  voltage,  = -25  volts,  to  the  aluminum 

ar:  d poly  gates.  This  causes  a voltage  of  = -25  volts  to  be  felt  across 

the  insulator  and  induces  reverse  tunneling  which  leaves  the  traps  in  the  thin 
oxide  portion  of  the  gate  with  a net  positive  charge.  Thi-a  produces  an  ac- 
cumulation layer  along  the  silicon  surface  between  the  source  and  drain  of 
the  transistor  which  serves  to  shift  the  threshold  of  thin  oxide  region  to 
V -j- — 10  volts.  Thereafter,  the  threshold  of  the  compound  memory  element 
is  determined  by  that  of  the  thin  oxide  region  of  the  gate  rather  than  the 
thick  oxide  region,  where  the  threshold  remains  — 2 volts. 

In  the  write  inhibit  mode,  drain,  source,  substrate,  and  both  poly  gates 
are  held  at  ground  anrl  -25  volts  is  applied  to  the  aluminum  gate. 

Since  both  poly  gates  arc  turned  off,  there  will  be  no  inversion  region  under 
the  thick  oxide  portions  of  the  structure.  No  minority  carriers  are  there- 
fore supplied  to  the  variable  threshold  thin  oxide  sections  of  the  gate  region. 
The  application  of  to  the  aluminum  gate  will  only  cause  a depletion 

region  to  be  formed  under  the  small  memory  gate  area.  With  no  excess 
minority  carriers  available  in  this  region,  the  threshold  of  the  device  does 
not  change.  Figure  E-d  shows  the  pulse  response  characteristics  of  a 
typical  isolated  MNOS  transistor  element.  Fully  saturated  clear  and  write 
times  take  on  the  order  of  1 to  10  milliseconds.  When  deployed  in  a balanced 
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Figure  E-8.  Operating  Modes  of  Individual  MNOS  Memory  Element 


E-15 


Figure  K-9.  Tvpical  Pulse  Response  of  Isolated 
MNOS  Memory  Element 
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2T  mpmory  cell,  useful  operation  with  retention  times  of  a few  days  can  be 
secured  with  1 microsecond  clear'times  and  write  times  as  short  as  10 
microseconds. 

To  read  the  MNOS  memory  element,  the  drain  is  first  precharged  to 
-IS  volts,  and  the  source  is  groumied.  The  drain  is  then  allowed  to 
float  and  V -t>  volts  is  .applied  to  both  the  poly  and  the  aluminum  gates. 
Since  this  exceeds  the  -2  volt  threshold  of  the  thick  oxide  poly  controlled 
regions  of  the  gate,  an  inversion  layer  is  formed  in  these  areas.  If  the 
memorv  element  is  in  the  low  threshold  state,  an  inversion  region  will  also 
be  formed  under  the  thin  oxide  portion  of  the  gate  and  cause  the  drain  to  be 
discharged  toward  ground.  If  the  memory  element  is  in  the  high  threshold 
state,  no  inversion  region  wi'’  formed  under  the  thin  gate  and  the  drain 
voltage  will  remain  charged  at 

By  virtue  of  using  a differential  detection  circuit  in  conjunction  with  the 
close  LSI  matching  of  devices  in  the  2T  memory  cell,  current  MNOS  mem- 
ories approach  closely  the  theoretical  limits  on  data  retention.  This  can 
be  see  from  figure  E-10.  Here  the  decay  slopes  for  a matched  set  of  MNOS 
elements  in  a 2T  cell  are  plotted.  From  the  high  state,  decay  proceeds  at 
about  a quarter  of  a volt  per  decade  of  time.  From  the  low  state,  the  decay 
is  approximately  twice  as  fast,  or  about  a half  of  a volt  per  time  decade. 

g 

Projecting  these  slopes  produces  an  intersection  at  around  10  minutes, 
which  is  roughtly  190  years.  Allowing  for  even  a very  sloppy  400  to  500- 
millivolt  minimum  differential  detection  window,  the  realizable  retentivity 
extends  to  at  least  3 x 10^  minutes,  or  approximately  50  years.  This  is  for 
a fully  saturated  write  time.  Shorter  write  times  produce  correspondingly 
shorter  retention  times. 

At  all  capacity  levels,  high-speed  MNOS  memory  chips  are  implemented 
in  a manner  functionally  analogous  to  that  originally  evolved  for  and  refined 
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Figure  E-10.  Retention  Characteristics  of  2T  MNOS  Memory  Cell 


on  thf  liORAM  prog  ram.  In  each,  careful  attention  is  given  to  the  im- 
portant aspect  of  on-chip  peripheral  circuit  design  to  ensure  providing  a 
practical  memory  product.  Care  is  taken  in  the  array  interface  area  to 
ensure  that  the  gate  to  substrate  potential  of  elements  not  being  addressed 
is  held  solidly  at  zero  volts.  This  prevents  nitride  leakage  effects  from 
affecting  retention  time.  Especiallv  configured  read  circuits  are  employed 
to  guard  against  the  possibility  of  read  disturb  effects.  Writing  and  clearing 
circuit  designs  are  based  on  considiirations  of  both  static  and  transient  con- 
ditions so  that  safe  operating  margins  arc  maintained  at  the  individual  MNOS 
transistor  gates.  Since  MNOS  writing  and  clearing  functions  require  voltages 
on  the  order  of  20  to  30  volts,  on-chip  interface  buffers  are  incorporated  to 
simplify  the  off-chip  driver  requirements. 

Figure  E-11  presents  a block  description  of  the  most  recent  V/estinghouse 

16  Kbit  MNOS  integrated  circuit  memory  configuration.  The  differences 

between  it  and  earlier  2 Kbit  MNOS  BORAM  chips  - besides  higher  capacity  - 

lie  in  the  array  interface  and  address  structures  and  in  the  ability  to  clear 

on  a per-row  basis  as  well  as  on  a full-chip  bases.  Just  as  with  BORAM, 

though,  clearing  is  executable  any  time  before  writing  and  is  asynchronously 

command  initiated  for  the  most  rec«-ntly  enabled  row  address.  Data  access 

to  the  memory  array  is  provided  by  tlie  two  dynamic  shift  registers  and  the 

set  of  transfer  switches.  Each  shift  register  stage  controls  alternate  column 

bit  lines  via  the  respective  transfer  switches.  The  designs  for  these  array 

interfaces  are  based  on  industry  proven  varactor  coupled  MOS  scanning 
(5) 

circuitry. 


14)  J.E.  Brewer  and  D.  R . Hadden,  J r.  ; ''Block-Oriented  Random  Access 
MNOS  Memory;''  National  Computer  Conference;  May  1974, 

(5)  R.  E.  Joynson,  et.  al.  ; Eliminating  Threshold  Losses  in  MOS  Circuits 
Ijy  Bootstrapping  Using  Varacter  Coupling;"  IEEE  ISSC,  vol.  SC-7, 

No.  3;  June  1972;  pp.  217-224. 
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Figure  E-11.  Westinghouse  16  Kbit  MNOS  Memory 


In  operation,  address  signals  (A0-A7)  are  applied  to  the  chip  and  pass 
through  the  address  buffer  and  decoder  to  select  the  row  containing  the  de- 
sired block  of  data.  Once  the  row  address  is  enabled  (by  AE),  it  is  decoded 
and  applied  to  the  selected  row  of  the  storage  matrix.  The  columnized  data 
contents  of  the  cells  along  the  selected  row  are  then  either  loaded  out  into 
the  I'O  registers  during  a read  mode  access  or  loaded  in  from  these  SR's 
during  the  write  mode.  During  this  data  exchange  between  the  registers 
and  the  storage  matrix,  the  register  clocks  are  held  quiescent  so  that  they 
dissipate  no  CV'  power.  Accessed  blocks  of  data  in  this  particular  memory 
chip  contain  a total  of  64  bits.  Through  the  serializing  action  of  the  I/O 
shift  registers,  each  block  is  interfaced  to  the  outside  world  in  the  form  of 
32  serial  words  which  arc  each  2 parallel  bits  wide. 
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As  a generic  class,  MNOS  memory  devices  are  fundamentally  MOS  struc- 
tures, and  as  such  share  the  same  failure  modes  and  exhibit  the  same  level 
of  failure  rate.  Test  data  available  to  data  reveals  no  pronounced  differences 
in  active  mode  failure  rates  between  similarly  sized  MNOS  and  MOS  parts. 
However,  it  is  recognized  that  when  electrical  stress  is  removed  from  an 
MOS  part  its  failure  rate  (dormant  mode)  drops  by  at  least  an  order  of 
magnitude.  This  has  significant  impact  on  memory  systems  in  which  only 
a few  chips  are  involved  in  data  transactions  at  any  given  time  or  which 
have  extended  periods  of  inactivity  during  which  their  stored  data  must  be 
maintained.  If  the  chips  are  volatile,  they  must  all  be  in  the  active  mode 
in  order  to  retain  data.  If  the  chips  are  nonvolatile,  only  the  chips  engaged 
in  the  data  transaction  need  be  active.  This  results  in  a reliability  advantage 
for  a nonvolatile  system  which  becomes  more  dramatic  for  larger  systems 
and'or  longer  mission  times. 

Obviously,  a power  switched  nonvolatile  system  will  have  a power  advantage 
over  any  competitive  volatile  memory.  Total  system  power  will  be  deter- 
mined by  how  many  chips  must  be  turned  on  simultaneously  to  meet  data  rate 
requirements.  If  minimum  power  were  the  single  overriding  design  objec- 
tive, it  is  feasible  to  build  a 10*^  bit  MNOS  memory  module  with  less  than 
1 watt  of  fiissipation.  In  less  esoteric  applications,  the  benefits  of  low 
power  arc  refluced  power  supply  cost,  weight,  and  volume;  and  lower 
temperature  operation.  This  latter  feature  enhances  reliability  and  reduces 
the  cost,  weight,  and  volume  problems  associated  with  heat  removal. 

As  was  mentioned  earlier,  MNOS  charge  storage  is  not  a temperature 
sensitive  phenomenon.  Consequently,  the  operating  temperature  range  is 
established  by  the  design  margins  allowed  in  the  on-chip  peripheral  circuitry 
rather  than  by  leakage  in  the  memory  cell.  No  critical  temperature  problems 
therefore  exist,  and  operation  at  125°  C 5 readily  achievable.  The  radiation 
resistance  of  MNOS  memory  cells  has  also  proven  to  be  quite  good.  Dielec- 
trically isolated  MNOS  parts  are  in  fact  presently  being  developed  for  use  in 
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radiation  hardened  systems.  The  limitint;  feature  of  these  devices  for 
radiation  tolerance  has  been  shown  to  be  the  on-chip  peripheral  circuitry. 
V.-.en  without  special  fiardenin^  th<ni>>h,  it  is  nenerally  found  that  the  periph- 
erals will  withstaiul  greater  than  10^  rads  total  dose.  This  is,  of  course, 
a function  of  the  circuit  flosinn  and  must  be  confirmed  by  tests  on  individual 
part  types. 

Upon  reviewing”  all  facets  of  the  MNOS  technology,  it  is  seen  that  its 
major  merits  for  use  in  building  memory  systems  stem  principally  from  its 
comparatively  simple  LSI  structure  and  the  intrinsic  nonvolatility  of  its 
basic  storage  elements.  In  summary,  the  advantages  citeable  for  MNOS 
include: 

• Nonvolatile  Storage 

• High  Bit  Density 

• High  Reliability 

• High  Data  Rate 

• Low  Power  Dram 

• Radiation  Resistance 

• Temperature  Stability 

• Direct  Logic  Interfaces 

• Minimum  Off- Chip  Ove  rhead 

• Low-Cost  Batch  Fabrication. 


* 
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APPENDIX  F 


MNOS  2 KBIT  MEMORY  CHIP  SPECIFICATIONS 


The  set  of  specification  sheets  enclosed  herewith  describe  the  operational 
characteristics  and  functional  capabilities  of  a 2,  048  bit  two-transistor  cell 
MNOS  nonvolatile  integrated  circuit  mennory,  chip  developed  by  Westinghouse 
Electric  Corporation.  This  device  is  now  offered  in  volume  for  fully  de- 
ployed military  and  IXI)D  memory  systems.  The  specifications  given 
represent  the  initial  production  gua ranteeable  capabilities  of  the  device  and 
are  somewhat  conservative  in  certain  areas.  A family  of  similar,  higher 
capacity  MNOS  memory  IC's,  extending  in  size  up  through  64  Kbits,  is  present- 
ly under  development. 
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MNOS  2 Kbit  Nonvolatile  Integrated  Circuit 
Block  Oriented  Random  Access  Memory  Chip 


The  chip  contains  a fully  deendrd  64  word  by  37  bit  random 
arxm  memory  and  two  dynamic  2 phase  16  bit  shift  registers. 
AH  data  I/O  takes  place  serially  through  the  shift  registers. 
The  shift  registers  and  RAM  may  operate  independently.  Data 
«»  transferred  in  parallel  between  the  RAM  and  registers  via  an 
external  32bit  latch.  Data  output  drivers  are  three-slate 
devices  capable  of  sinking  a low  power  TTL  gate  load.  This 
2048  bit  memory  is  intended  for  application  in  computer 
socorvtary  storage  systems  It  is  normally  packaged  in  multi- 
chip  hybrid  form.  Use  of  MNOS  (metal  nitride  oxide,  semi- 
conductor) technology  allows  nonvolatile  information  storage 
arxf  low  power  operation.  Bonding  pads  are  > b mils^  , and 
are  positioned  on  optiosite  sides  of  the  die  The  chip  mea 
sures  163  by  169  mils.  A glass  overcoat  guards  against 
scratches  due  to  handling.  Protective  devices  on  all  inputs 
avoid  damage  by  static  charge. 


Vrsiinghouse  f Icctnc  Cor(iorjtion 
tense  and  Electronic  Systems  Center 
Itimore,  Maryland 
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This  paf»e,  although  not  completely  legible.  Is  Included  for  information 
purposes  only. 
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MNOS  2 Kbit  Nonvolatile  Integrated  Circuit 
/ Block  Oriented  Random  Access  Memory  Chip 


RAM  OPERATION 

The  RAM  portion  of  the  2K  chip  i$  particularly  easy  to  use 
because  it  is  fully  decoded,  has  no  enlernal  read  reference 
voltage  and  has  no  critical  pov^er  sopjily  voltages.  RAM 
tuning  is  controlled  by  the  access  enable  AE  signal.  While 
AE  IS  low  critical  nodes  in  the  array  and  word  detector  are 
clamped.  After  the  AO  to  A5  addresses  ate  stable,  AE  may 
go  high  and  allow  the  word  detector  to  operate.  If  TR  is 
higfi,  the  detector  v.ill  sense  the  addressei)  word  in  the  mem- 
ory array  and  will  latch  If  TR  and  C>  ? are  low,  the  detec- 
tor will  sense  the  contents  of  the  shift  register  and  will  latch. 
If  MW  IS  held  low,  ttie  contents  of  the  latch  will  be  written 
into  the  memory  array 


CLEARING  OF?  INITIALIZING 

In  large  block  oriented  memory  systems  it  is  an  advantage 
to  be  able  to  erase  an  entire  data  blo'’i<  at  one  time  The 
CL  pulse  clears  all  ?0-18  cells  in  the  chip  ot  previously  stored 
data.  PIM  junction  isol.ition  separates  the  memory  atiay  from 
the  shift  registers  and  control  circuitry  To  avoid  forward 
biasing  the  isolation  junctions,  the  high  slate  of  CL  reuii  «»•  *- 
a silicon  diode  drop, VD, more  positive  then  VSS  VSS  should 
be  more  positive  than  all  other  chip  terminals.  Ctnp  clear  is 
gated  internally  hy  the  chip  select  fiS,  and  unselertcd  ctups 
will  not  be  affected  by  CL.  After  clearing,  the  thrcsfio'd  levels 
of  all  memory  transistors  will  be  shifted  into  the  most  pos.tive 
stale;  and,  from  a logical  point  of  view, the  memory  contents 
will  l)C  undefined.  After  writing,  each  bit  w ill  assume  a one  or 
zero  Slate. 


MAXIMUM  CHIF'  RATINGS 


Temperdture  Range 

Operating  — 55^C  to +125®C 
Storage  — 65°C  to +150“C 


Voltage  Range  Referenced  to  VSS 

MW'  +0.5Vto-36V 

Cl&§S  +0.5V  to  34V 
Other  Inputs  +0.5V  to -30V 


OPERATING  VOLTAGE  LEVELS 


Terminal  Descrifition 

Signal 

Symbol 

Voltage  Level 
Referenced  to  VSS 

Supply  Voltage 

VSS 

OV 

Supply  Voltage 

VDD 

-I5V  f 5% 

Supply  Voltage 

VGG 

■30V  f S% 

Data  Out  I’ull  Down 

VXX 

5V  (TTL),  FSV  (CMOS) 

Chip  Clear 

Cl 

OV  fo  -30V 

Chip  Select 

OV  to  -30V 

Memoi y Write 

MW 

OV  to  -30V 

Transfer 

TT? 

OV  to  -IS  V 

Access  Lnatile 

AF. 

OV  to  -15V 

SFiilt  Register  Clocl-s 

(H  & 02 

OV  to  15V 

Dat.)  VVriie  Inputs 

DW 1 h DW2 

OV  to  -15V 

Data  Read  Outputs 

DRl  h OR2 

OV  to  VXX 

Address  Inputs 

AO  to  AS 

OV  to  -15V 

a 


Wi-i<t(M|house  . Coipot^tion 

Orfrnsc  «nrt  f fomc  Syttemt  Crnter 
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MNOS  2 Kbit  Nonvolatile  Integrated  Circuit 
Block  Oriented  Random  Access  Memory  Chip 


MAXIMUM  POWER  REQUIREMENTS 


Conditions: 

VSS  • OV,  VDD  ' -15  V,  VGG  - -30  V,  - 25°C 

Electrical 

Test 

BS-OV 

BS  ' 

-30V 

Parameter 

Units 

Deselected 

Read/Shilt 

Wnle/Shift 

ISS 

mA 

♦ 0 01 

♦ 7 

+ 10 

ICL 

mA 

♦ 001 

♦2 

♦ 4 

IDO 

mA 

-001 

6 

•6 

IGCi 

mA 

■0.01 

3 

-8 

POD 

mW 

0.2 

90 

90 

PGG 

mW 

0.3 

90 

240 

^CHIP 

mW 

0.5 

ISO 

330 

POWER  VS  TEMPERATURE 


WrttinqtKni'.c  f.tccliic  Coriwil'On 
Orfcose  *nd  f lertronic  Center 

Beltirnoie.  Mdiyljttcl  Reveted 
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MNOS  2 Kbit  Nonvolalile  Integrated  Circuit 
Block  Oriented  Random  Access  Memory  Chip 


SHIFT  REGISTF.H  OPFnATION 

The  ?K  hit  chip  contains  tv/o  16  bit  ratio  typn  rfynarnic  ? 
pliase  shift  nqistcis  The  oiit(iut  stages  feature  a convenient 
pulldown  ternuna',  VXX,  to  allow  TTL  coin|ia',ibilily.  V'.hcn 
Bu  IS  high.  Ifie  DR  terminals  assume  a high  impedance  state, 
which  permits  v.ircd  OR  conmctions  of  output  data  lines 
Input  data  lines  will  acccfit  cither  CMOS  or  11 1 level  signals 
Shift  rates  > 5 MH/  can  be  achieved. 


Shift  Register  Cell 

SYSTEM  REGISTER  OPERATING  CONDITIONS 
t^-  • ^00  nsec,  td^  * 20  nsec 

PW^,  ^0  nsec,  'fall 

'oWs  * *DRd  * M)  nsec 


Three-State  Output  Stage 


Westinghouse  f lectnc  Cor(inraiion  Shift  ffegis.i-r  VtlavefurntS 

Odense  anrf  Electronic  Systems  Center 

Baltimore,  Maiyland  Revised 
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Memory  Clear  Waveforms 


SYSTEM  READ  COMDITIO\’S 

*8S  ‘ ’00 

*RAC  " 

“ 200 

PWj^-^  s £00  nsec 
’AEd  ^ ’00"^''" 

t._  ^ t00ri«;( 


Memory  Write  Waveforms 
SYSTEM  WRITE  CONDITIONS 


'^'"WAE 

‘WAE 

’wTd 

PWwT 

*Wd 


> 200  nsec 

> 100  nsec 
<00  nsec 
>'wd*  ’OOnwc 

> 200  nsec 

> 100/iSec 
>0  0 niec 
l>  1 0 1 |i  sec 


Memory  Read  Waveforms 


Read  conditions  in  a typical  system  do  riot  approach  the  per- 
formance capability  of  the  device.  I irst  bit  access  time  (total) 
from  stable  address  to  stable  data  < 2 psec  can  be  achieved. 
Data  can  be  sliifted  at  b MH/.  providing  a 3.G  psec  read  cycle 
and  an  S B MM/  data  rate. 

VA-slmqhouie  Eleclnc  Corporation 
Dclense  and  Hecliomc  Systems  Center 
Battiinore,  Marylanrl 


TYPICAL  READ  CAPABILITY 

’hAE  * 200  nsec 
*Rld  * 600  nsec 
PSVj^-p  “ 400  nsec 
lop  • 3.6 /<  sec 
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MNOS  2 Kbit  Nonvolatile  Integrated  Circuit 
Block  Oriented  Random  Access  Memory  Chip 


M(MORT 

ARHAV 


OV 

TRANSISIORS 


DATA 

lATCM 


Two-Transistor  Cell  Detection  Circuit 


RETENTION 


TWO  TRANSISTOR  CELL 


The  MNOS  2K  chip  stores  information  in  ccMs  that  consist 
of  two  dram-source  protected  (DSP)  memory  transistors  A 
balanced  detection  circuit  provides  high  sensitivity  and  im- 
munity from  any  pov.er  supply  voltage  sensitivity  protilcms. 
No  external  read  reterfnee  voltages  are  required,  and  chips  do 
not  have  to  tie  matched  or  sorted  in  any  way  for  use  m 
systems. 


VDO  S'jpr'v  IV) 
•10  6 z 


“T~ 


tU 


vssA«5 

I eAU^ar 

Surriifs 
(VI 


When  written  with  a 100  ^ see  MW  pulse,  the  minimum  un- 
powered  data  retention  time  is  4000  hours.  Data  may  be 
accessed  a minimum  of  2 x 10^^  limes  without  refresh.  The 
chip  IS  intended  to  bo  used  as  a read/wnte  memory,  and  it 
may  Ire  cleared  and  written  at  least  10^^  times.  This  i$ 
equivtilcm  to  mote  than  10  years  of  sysicm  contin- 

uous operation. 


POWER  SUPPLY  RANGE 

System  supplies  may  vary  over  a wide  range  with  disturb 
ing  the  normal  operation  of  the  memory. 


INPUT  CAPACITANCE 

Ai,  [)Wi,  DRi, 

, AE  < 0 fiF 

£L 

< 8 pi 

MW 

10  pF 

W»»st»nghousi*  f leciric  C*»i|M#idiion 

m. 

< 1 5 pF 

Defense  ami  Hectronic  :>y>lerns  Center 
Ballifitorc.  Maryland 

8S 

< 36pF 
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MISSION 

of 

Rome  Air  Development  Center 


RADC  plans  and  conducts  research,  exploratory  emd  advanced 
development  programs  in  command,  control,  and  cotmunications 
(C^)  activities,  and  in  the  areas  of  informatior,  sciences 
and  intelligence.  The  principal  technical  mission  areas 
are  conrnninications , electromagnetic  guidance  emd  control, 
surveillance  of  ground  ^^nd  aerospace  objects,  intelligence 
data  collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  microtfave 
physics  and  electronic  reliability,  maintainability  and 
K compatibility . 


